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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Purpose and Objectives
The purpose of this research is to identify dual-polarization radar and
environmental signatures that can be used by forecasters at the United States Air Force’s
45th Weather Squadron (45WS) during real-time nowcasting of convective wind events at
Cape Canaveral Air Force Station and NASA Kennedy Space Center (CCAFS/KSC).
The specific objectives of this project are as follows:
1. Explore dual-polarization radar signatures observed within thunderstorms that
produced convective wind events (i.e., downbursts) at CCAFS/KSC, with
emphasis on analyzing these radar signatures in an environmental context to
better understand their physical implications;
2. Identify dual-polarization radar signatures unique to thunderstorms that
produced downbursts with recorded peak wind velocities of 35 knots or
greater at CCAFS/KSC, which is the first convective wind warning threshold
used by the 45WS (i.e., warning Threshold-1);
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3. Compare and contrast radar signatures identified in thunderstorms responsible
for threshold-level downbursts (i.e., downbursts with peak wind velocities of
35 knots or greater) to those observed in thunderstorms that produced
downbursts with peak winds less than 35 knots (i.e., null downbursts), with
the intent of decreasing probability of false alarm (POFA) and increasing lead
time for 45WS Threshold-1 convective wind warnings without sacrificing a
high probability of detection (POD) or high skill scores;
4. Explore signatures observed in environmental data on days during which
threshold-level downbursts were observed at CCAFS/KSC, with emphasis on
understanding how these environmental signatures led to the production of the
threshold-level winds;
5. Investigate potential relationships between the magnitudes of the identified
environmental signatures and the peak wind velocities observed within
threshold-level downbursts at CCAFS/KSC;
The primary operational point of this thesis is to provide methods to differentiate between
thunderstorms that will produce Threshold-1 downbursts at CCAFS/KSC from those that
will only produce null downbursts at CCAFS/KSC to decrease POFA for 45WS
convective wind warning Threshold-1. Note that POFA is equivalent to false alarm ratio,
but the term POFA is used to avoid possible confusion between false alarm ratio and
false alarm rate (Barnes et al. 2009).
It should be noted that the 45WS also uses a second threshold when issuing
convective wind warnings, which is for peak wind velocities of 50 knots or greater (i.e.,
warning Threshold-2). For this thesis, a very small number of Threshold-2 downbursts
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(i.e., 3 – 4, depending on the analysis) were included in the sample of Threshold-1
downbursts to begin examining radar and environmental signatures that may be used to
differentiate between Threshold-1 and Threshold-2 downbursts. More specifically, 3 – 4
Threshold-2 downbursts were included in all environmental analyses and three
Threshold-2 downbursts were included in all radar analyses presented in this thesis.
However, results are not presented herein for Threshold-2 downbursts separate from
Threshold-1 downbursts (i.e., results for Threshold-2 downbursts alone are not presented)
apart from some brief comments regarding the environmental signatures. This is due to
the very small sample size of Threshold-2 downbursts that were used in this thesis and
the primary operational point of this study being the differentiation between Threshold-1
downbursts and null downbursts. As will be described later, the analysis of Threshold-2
downbursts alone will be the subject of future work.

1.2 The United States Air Force’s 45th Weather Squadron
The 45WS is the organization responsible for providing weather support for
NASA’s 45th Space Wing, which includes issuing warnings for hazardous weather
conditions to protect personnel, infrastructure, space launch vehicles, and multi-million
dollar space mission payloads at CCAFS/KSC (Roeder et al. 2014). Downbursts are one
of the most hazardous weather phenomena that occur at CCAFS/KSC, which makes them
of great interest to 45WS forecasters given the threats associated with their intense winds.
The 45WS, as previously described, presently issues two levels of convective wind
warnings for the CCAFS/KSC complex. The first warning level is for downbursts that
produce peak winds of 35 knots or greater (i.e., Threshold-1), for which the 45WS strives
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to provide a lead time of 30 minutes or greater. The second warning level is for
downbursts that produce peak winds of 50 knots or greater (i.e., Threshold-2), for which
lead times of 60 minutes or greater are desired by the 45WS (Roeder et al. 2014). The
45WS considers a missed warning to be much worse than a false alarm which, combined
with the fact that approximately 32% of all downbursts at CCAFS/KSC meet warning
Threshold-1, causes the 45WS to over-warn convective wind events (Roeder et al. 2014).
Therefore, it is desirable to identify methods by which the POFA for 45WS convective
wind warnings can be mitigated while also offering increased lead times. Improving
convective wind warnings, especially through use of dual-polarization radar techniques,
is one of the top research topics of interest to the 45WS (Roeder et al. 2014).
To monitor conditions at CCAFS/KSC and issue warnings, the 45WS utilizes a
wide assortment of weather observation platforms, including the Cape Weather
Information Network Display System (Cape WINDS), atmospheric soundings, and dualpolarization radar. The Cape WINDS is a network of 29 weather observation towers
located throughout and around the CCAFS/KSC complex (CSR 2015). Each Cape
WINDS tower contains at least one weather sensor designed to take measurements of
several atmospheric variables (e.g., temperature, dew point temperature, peak wind
velocity, mean wind direction) during a 5-minute reporting period that restarts every five
minutes (CSR 2015). Many of the Cape WINDS towers contain multiple sensors located
at different heights above ground level (AGL), which allows for measurements to be
taken through a greater vertical depth in the surface layer. The number of sensors on
each tower varies, but most towers have sensors at least at 12 and/or 54 feet AGL (CSR
2015). A diagram showing the Cape WINDS towers placement is presented in Fig. 1.1.
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Figure 1.1. Map showing the placement of a majority of the towers on the Cape Weather Information
Network Display System as of July 2015 (CSR 2015). The yellow circles indicate Space Launch
Complexes (SLCs) and the Morrell Operations Center (MOC). It should be noted that Tower 0019 is not
displayed on this map, but is located approximately halfway between Towers 0015 and 0022. The 45WSWSR is also not displayed, but is located at approximately 28.39 °N, 80.95 °W.

The KXMR atmospheric sounding site is located at the KSC skid strip. On most
days, soundings are launched from KXMR at 0000, 1000, and 1500 UTC, though the
exact times of the sounding launches can vary depending on the weather conditions
present and the forecast changes in weather conditions over the next few hours. The
number of soundings launched at KXMR on a given day is also subject to change, with
5

more soundings being launched if particularly hazardous weather conditions are forecast
or if a space launch is planned, and fewer soundings being launched if atmospheric
conditions are highly unfavorable for the formation of hazardous weather phenomena at
CCAFS/KSC (William Roeder, 2015, personal communication). Parameters typically
measured by atmospheric soundings (e.g., temperature, dew point temperature, pressure,
height, etc.) are available on the KXMR soundings.
The C-band dual-polarization radar operated by the 45WS is officially named
“WSR,” which is short for Weather Surveillance Radar (Todd McNamara, 2015, personal
communication). However, for this thesis, this C-band radar shall henceforth be referred
to as the “45WS-WSR” to avoid possible confusion with the S-band NEXRAD Weather
Surveillance Radar – 1988 Doppler (WSR-88D) network. A thorough description of the
45WS-WSR can be found in Appendix A, with more information presented in Roeder et
al. (2009). Additional details of the 45WS-WSR data are presented in Chapters 2 and 4.

1.3 Formation and Intensification of Downbursts
Downbursts are regions of intense winds at the Earth’s surface that result from a
thunderstorm’s downdraft impacting the surface and diverging in multiple directions
(Fujita and Wakimoto 1983). Past literature has divided downbursts into two categories:
microbursts, having a diameter less than 4 km and lasting 2 – 5 minutes, and macrobursts,
having a diameter of 4 km or greater and lasting longer than 5 minutes (Fujita and
Wakimoto 1983). For this thesis, no distinction is made between microbursts and
macrobursts, since both phenomena are convective wind events and both can produce
peak winds of 35 knots or greater at CCAFS/KSC. Therefore, the more general term
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“downburst” will be used in this thesis to denote intense winds at the surface resulting
from a thunderstorm’s downdraft.
During the cumulus stage of a thunderstorm’s lifecycle, the developing updraft
may be strong enough to loft (i.e., force) liquid hydrometeors and a greater amount of
condensate above the environmental 0 °C level (Tuttle et al. 1989, Kingsmill and
Wakimoto 1991). Hydrometeors that remain in a liquid phase after being lofted above
the 0 °C level within a thunderstorm will become supercooled liquid water (i.e., liquid
water with a temperature less than 0 °C). Some of these supercooled liquid hydrometeors
will freeze, which will lead to formation of a mixed-phase region containing both solid
ice and supercooled liquid hydrometeors. Past studies (e.g., Jameson et al. 1996, Bringi
et al. 1997) have shown that additional ice hydrometeors may form and grow aloft in a
thunderstorm through precipitation processes within the mixed-phase region, such as
condensation nucleation, ice multiplication, and riming. As a thunderstorm progresses
through its lifecycle, hydrometeors within the storm (including those above the 0 °C
level) will accelerate towards the Earth’s surface as a result of gravitational acceleration,
which will oppose the upward vertical motion present in the thunderstorm’s updraft. This
process is referred to as hydrometeor loading, which will produce negative buoyancy
through drag and contribute to downward acceleration within the thunderstorm
(Srivastava 1987). Negative buoyancy will ultimately lead to the depletion of a
thunderstorm’s updraft and the eventual collapse of the thunderstorm during its
dissipating stage (Wakimoto and Bringi 1988, Kingsmill and Wakimoto 1991). During
the collapse of a thunderstorm, the downdraft that results may be intense enough to
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produce a downburst at the surface, with a greater amount of hydrometeor loading
resulting in a more intense downdraft (all else being equal) (Atlas et al. 2004).
In addition to hydrometeor loading, other physical processes will contribute to the
negative buoyancy necessary for a downburst to form. Past studies, such as Srivastava
(1987), have noted that latent heat exchanges between hydrometeors and their
environment may intensify downbursts. Falling ice hydrometeors will melt and falling
liquid hydrometeors will evaporate, which will cause latent heat to be absorbed from the
surrounding environment for these phase changes to occur. This energy exchange will
cause the environment surrounding the hydrometeors to cool, which will enhance
negative buoyancy as a result of the increased density of the cooled air (Srivastava 1987).
Studies have also noted that the rates of evaporation and melting of falling hydrometeors
are heavily dependent on conditions within their surrounding environment. Srivastava
(1987) described how relative humidity significantly impacts the rates of hydrometeor
melting and evaporation. Higher relative humidities will lead to increased melting rates
due to increased condensation of water vapor onto the falling ice hydrometeors and the
warming associated with the latent heat release (Srivastava 1987). However, higher
relative humidities will suppress evaporation of liquid hydrometeors due to the
environmental air being closer to saturation (Srivastava 1987). Therefore, in a humid
climate region, such as CCAFS/KSC, the melting of ice hydrometeors may contribute
just as much, if not more, to negative buoyancy within a downburst despite latent heat of
vaporization being roughly 8.5 times greater than latent heat of fusion (Srivastava 1987).
Meischner et al. (1991) explained how smaller ice hydrometeors will melt over a
shorter vertical fall distance than larger ice hydrometeors under the same environmental
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conditions, which may contribute more strongly to downward acceleration in a
thunderstorm. Atlas et al. (2004) showed that a narrow particle size distribution (PSD) of
small-sized ice hydrometeors will lead to a more intense downburst, since the rate of
melting is inversely proportional to hydrometeor diameter (Rogers and Yau 1989). This
inverse relationship indicates that smaller ice hydrometeors may melt completely over a
relatively short fall distance and contribute more greatly to negative buoyancy than larger
ice hydrometeors that would only partially melt over the same fall distance (Atlas et al.
2004, Srivastava 1987), which is consistent with the results of Meischner et al. (1991).
These results all suggest that falling ice hydrometeors within a thunderstorm are critically
important to the formation of intense downbursts at CCAFS/KSC.
Additional studies have examined the impacts of environmental conditions on the
formation and intensification of downbursts in humid climate regions. Srivastava (1987)
noted that the intensity of downbursts tends to increase as environmental temperature
lapse rates increase past 6 K km-1 and especially as they approach dry adiabatic values
around 10 K km-1. Atkins and Wakimoto (1991) examined downburst predictability
using equivalent potential temperature (θe) from atmospheric soundings. On days during
which downbursts occur in humid climate regions, there is often the presence of a dry
mid-level layer in the atmosphere located above a layer of high relative humidity near the
surface (Atkins and Wakimoto 1991). Entrainment of dry environmental air into the midlevels of a thunderstorm may lead to enhanced evaporation of the supercooled liquid
hydrometeors present within, which may act to increase negative buoyancy and initiate a
downburst (Atkins and Wakimoto 1991). Dry environmental air is represented by
relatively low values of θe, while increased water vapor present in the lower levels of the

9

atmosphere can be seen by relatively high θe values, with higher θe values indicating
conditions that may be more conducive to increased ice hydrometeor melting rates as
described by Srivastava (1987). As a result, Atkins and Wakimoto (1991) noted that
downbursts are more likely to form in humid climate regions on days in which the
difference between surface θe and the minimum value of θe aloft is more than 20 K in
early-morning soundings. This relation was further explored specifically at CCAFS/KSC
by Wheeler and Roeder (1996), who noted that downbursts are more likely to form at
CCAFS/KSC on days in which the difference between maximum θe in the lowest 150 hPa
and minimum θe within the 650-500 hPa layer in early-morning soundings is greater than
30 K. They used these results to form the Microburst-Day Potential Index (MDPI), the
equation for which is presented in the next chapter and is an indicator of the potential for
downbursts to produce peak winds of 35 knots or greater at CCAFS/KSC on a given day.
In contrast, Knupp (1988) explained that downbursts (on the high plains) are
primarily driven by melting, evaporation, and hydrometeor loading of precipitation in the
lowest 2 km of the atmosphere, with evaporation in the mid-levels of the thunderstorm
appearing to be of lesser importance to the formation and intensification of downbursts.
Markowski and Richardson (2010) further described how the evaporation of supercooled
liquid hydrometeors in the mid-levels of a thunderstorm may actually be detrimental to
the formation of intense downbursts, due to the reduction in hydrometeor loading
resulting from decreased liquid water mass due to evaporation and sublimation.
The intense horizontal winds that are produced as a downdraft impacts the Earth’s
surface may lead to the formation of new storm cells. As the outflow (i.e., gust front)
resulting from a downburst spreads away from the collapsing thunderstorm at the surface,
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convection can be forced along the leading edge of the gust front due to the density
gradient and horizontal vorticity generated by the outflow (Markowski and Richardson
2010). If the lifting that occurs along the gust front is strong enough, air parcels may be
forced to their level of free convection (LFC), which may lead to formation of new storm
cells along the gust front and cause the updraft-downdraft cycle that occurs during the
lifetime of a thunderstorm to begin within these new cells (Markowski and Richardson
2010). Storms that behave in this manner have been termed multicellular (multicell)
thunderstorms, with new cells forming along the outflow of collapsing cells (Markowski
and Richardson 2010). An example of the physical processes that occur within multicell
thunderstorms can be seen in Fig. 1.2, which was taken from Browning et al. (1976).

Figure 1.2. A diagram showing the formation and dissipation of multiple cells within a multicell
thunderstorm. Flow direction is indicated by the streamlines. The gust front is marked by the cold front
symbol. Diagram taken from Browning et al. (1976).
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1.4 Radar Observations of Downbursts
The updraft-downdraft pattern associated with a convective thunderstorm’s
lifecycle has several known polarimetric radar signatures associated with it. The advent
of dual-polarization radar (i.e., radar signal transmitted and received in both the
horizontal and vertical polarizations) has allowed for greater insight into the physical
processes occurring within thunderstorms and how these processes impact the formation
and intensification of downbursts. Interpretations of these radar observations have been
shown to be especially powerful when viewed in an environmental context (e.g., in
relation to the height of the 0 °C level, relative humidity values throughout the
troposphere, temperature lapse rates, etc.)
The updraft within a developing thunderstorm, as previously described, will loft
liquid hydrometeors above the 0 °C level, leading to the production of supercooled liquid
drops that may freeze into ice hydrometeors. Past studies have noted that the
approximate location and magnitude of a thunderstorm’s updraft are identifiable using
numerous radar variables, including radar reflectivity factor (Zh) and differential
reflectivity (Zdr). Zh is defined as the sum of all backscattering cross-sectional areas
within a unit volume divided by the unit volume (Rinehart 2010). Large values of Zh on
radar indicate the presence of large-sized and/or a large concentration of hydrometeors,
with larger hydrometeors dominating Zh due to the D6 weighting associated with
Rayleigh scattering (Rinehart 2010). Zdr is defined as the ratio between radar reflectivity
factors calculated in the horizontal and vertical polarizations within a sample volume
(Rinehart 2010), and provides a measure of particle shape and the reflectivity-weighted
mean diameter within a given PSD (Jameson 1983). Positive Zdr values are indicative of
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oblate-shaped hydrometeors (i.e., hydrometeors with a larger horizontal axis than vertical
axis), which is characteristic of falling raindrops (Jameson 1983). Zdr values around 0 dB
indicate the presence of hydrometeors that are spherical in shape, tumbling, and/or have a
low dielectric, all of which are characteristics of solid ice hydrometeors (Herzegh and
Jameson 1992). Studies have also shown that very small liquid hydrometeors (e.g.,
diameter less than 1 mm) also produce Zdr values around 0 dB on radar, which is a result
of their nearly-spherical shape (Beard and Chuang 1987).
As a thunderstorm’s updraft lofts hydrometeors above the 0 °C level, lofted liquid
hydrometeors will yield positive Zdr values when viewed on radar, due to their oblate
shape, while ice hydrometeors and very small supercooled liquid hydrometeors will yield
Zdr values around 0 dB. Studies have found that column-like regions of positive Zdr
values extending above the 0 °C level indicate regions where a thunderstorm’s updraft is
forcing liquid hydrometeors above the 0 °C level, with this signature being termed a “Zdr
column” (Illingworth et al. 1987). Past studies (e.g., Tuttle et al. 1989, Herzegh and
Jameson 1992) have shown that the location of the Zdr column within a thunderstorm is
approximately co-located with the thunderstorm’s updraft, while other studies (e.g.,
Kumjian et al. 2014) have noted that a slight spatial offset of 1 km or less may exist
between a Zdr column and a thunderstorm’s updraft. A taller Zdr column is indicative of a
stronger updraft, as liquid hydrometeors are being lofted higher above the 0 °C level and
in greater quantity (Kumjian et al. 2014). The stronger updraft represented by a taller Zdr
column may also indicate conditions where precipitation ice hydrometeors are kept aloft
in a thunderstorm for a longer period of time, where they can continue to grow (Kumjian
et al. 2014). This growth may occur through accretion and riming of the large quantity of
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liquid hydrometeors and water vapor, respectively, being lofted by the more intense
updraft under these conditions (Tuttle et al. 1989).
The physical processes represented by the presence of a Zdr column are important
to the formation of downbursts. Studies have shown that the liquid hydrometeors lofted
by a thunderstorm’s updraft may serve as hailstone embryos (Hubbert et al. 1998). The
formation of hailstones, in addition to the freezing of lofted liquid hydrometeors, will
produce a large quantity of ice hydrometeors aloft in the thunderstorm, which will
contribute to negative buoyancy within the downdraft through hydrometeor loading and
eventual melting as they descend below the 0 °C level (Tuttle et al. 1989). The formation
of ice hydrometeors aloft in a thunderstorm will cause Zdr values within the Zdr column to
decrease to roughly 0 dB due to the decrease in dielectric and more spherical shape of the
ice hydrometeors, which may be seen as a “collapse” of the Zdr column due to the
positive Zdr values being replaced with near-0 dB Zdr values (Kumjian et al. 2014). The
formation of these ice hydrometeors will result in a region of decreased correlation
coefficient (ρhv) on radar, since ρhv provides a measure of uniformity within a radar
sample volume (Rinehart 2010). Since there will be a mixture of liquid and solid
hydrometeors in regions where freezing is occurring, the values of ρhv will decrease due
to the presence of non-uniform precipitation types, shapes, fall modes, etc. in that region
(Rinehart 2010). Studies have noted that regions containing graupel and small hail that
form aloft in a thunderstorm, often referred to as “precipitation ice” that is available to
descend towards the surface, usually have Zh values greater than or equal to 29 – 33 dBZ
(Deierling et al. 2008). As previously stated, the presence of ice (namely precipitation
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ice) in a thunderstorm has been shown to be of significant importance to the formation of
intense downbursts in warm humid climate regions like CCAFS/KSC (Srivastava 1987).
Precipitation ice hydrometeors will begin to melt as they descend below the 0 °C
level in a collapsing thunderstorm, though studies have shown that a delay in the onset of
melting may occur due to sublimational cooling at the surface of the ice hydrometeors
(Wakimoto et al. 1994). In the event of a delay in melting onset, Zdr values around 0 dB
may be seen descending towards the surface below the 0 °C level, which has been
referred to as a “Zdr hole” (Wakimoto and Bringi 1988) or a “Zdr trough” (Scharfenberg
2003). Since the rate of sublimation depends on environmental conditions (Wakimoto et
al. 1994), the depth of a Zdr hole / Zdr trough will typically be smaller if higher relative
humidity values are present, due to the decreased rate of sublimation and increased rate
of condensation promoting greater melting of the ice hydrometeors (Srivastava 1987).
Once falling precipitation ice begins to melt, a torus of meltwater will form around each
ice hydrometeor (Rasmussen and Heymsfield 1987). This water torus will cause each
melting ice hydrometeor to appear as a raindrop when viewed on radar, which will cause
the Zdr values in regions of melting hydrometeors to increase as more ice hydrometeors
melt and become more oblate in shape. At S-band, Zdr values within regions of melting
precipitation ice may remain closer to 0 dB due to the hydrometeors being in the
Rayleigh-Gans scattering regime at S-band (Anderson et al. 2011). However, at C-band,
the melting ice hydrometeors may grow large enough to be in Mie resonance, which will
cause Zdr to become very large (i.e., potentially up to 6 – 8 dB or greater) (Anderson et al.
2011). Diagrams showing the melting of different-sized precipitation ice hydrometeors
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and the resulting changes in Zdr at C-band with decreasing height below the 0 °C level
can be seen in Fig. 1.3, which are taken from Meischner et al. (1991).
From Fig. 1.3, it can be seen that smaller ice hydrometeors will melt more rapidly
than larger ice hydrometeors under the same environmental conditions, which is a result
of the inverse relationship between melting rate and hydrometeor size (Rogers and Yau
1989). Furthermore, since Zdr is a measure of the reflectivity-weighted mean PSD
diameter (Jameson 1983), an increase in the diameters of smaller ice hydrometeors
resulting from melting and/or depletion of smaller liquid hydrometeors resulting from
their preferential evaporation (Rogers and Yau 1989) will cause the mean diameter of the
PSD to shift to a larger value, which will cause Zdr to increase within that sample volume
(Kumjian and Ryzhkov 2010). As stated by Atlas et al. (2004), the melting of smaller
precipitation ice hydrometeors over a relatively shallow layer will produce a more intense
downburst. Based on this information and Fig. 1.3, regions where Zdr increases rapidly to
values around 2 dB or greater over a shallow layer below the 0 °C level may imply rapid
melting of smaller precipitation ice hydrometeors and thus a greater contribution to
negative buoyancy in the downburst. White (2015) also showed that Zdr values within
strong downbursts tend to reach 3 dB or greater below the 0 °C in association with hail
melting, with enhanced melting being found near regions of higher environmental
temperature lapse rates. The complete cycle of a Zdr column forming as a result of a
thunderstorm’s updraft and then collapsing during the formation of a downburst was
further illustrated by Mahale et al. (2016), with one of their figures presented in Fig. 1.4.
Past works have also noted that the region of peak Zh within a thunderstorm may
be strongly related to the intensity of the resulting downdraft. Loconto (2006) noted that
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Figure 1.3. Diagrams showing the change in ice core diameter of ice hydrometeors with initial sizes of 3,
5, 7.3, and 9 mm over vertical distance (top) and the resulting values of differential reflectivity for the same
ice hydrometeor sizes over vertical distance (bottom), assuming a 0 °C level of 4.7 km MSL and a relative
humidity of 100% from the 0 °C level to the surface. All diagrams taken from Meischner et al. (1991).

the value of peak Zh within a thunderstorm’s precipitation core (i.e., reflectivity core)
may be directly related to the peak wind velocity within the downburst resulting from the
storm’s collapse. Wakimoto and Bringi (1988) described how a storm’s reflectivity core
was observed descending to the surface near the time of the downburst in their study,
with the time of the reflectivity core reaching the surface corresponding with the time of
the downburst. Once the precipitation core reaches the surface and a downburst occurs,
the gust front can be observed as a region of low Zh (i.e., 0 – 20 dBZ) propagating away
17

Figure 1.4. An image showing the formation and collapse of a differential reflectivity column within a
downburst-producing thunderstorm. The cumulus (left), mature (middle), and dissipating (right) stages of a
thunderstorm are displayed. Image taken from Mahale et al. (2016).

from the storm at the surface (Rinehart 2010), with new cells developing along the gust
front also being visible on radar. Multicell thunderstorms that form in this manner will
contain multiple updraft-downdraft cycles. Past studies (e.g., Knupp 1996, Kuster et al.
2016) have shown that multicell thunderstorms may last for relatively long periods of
time (e.g., 90 minutes or longer), especially under conditions where long-lived updrafts
result from a spatial offset between a storm’s updraft and downdraft (Knupp 1996).

1.5 Thesis Hypotheses and Overview
The approach to this thesis, as will be discussed in more detail in the next chapter,
was primarily driven by developing hypotheses based on the results of past literature.
Hypotheses were formed in relation to environmental conditions and thunderstorm
processes that are observable using dual-polarization radar, which can be found in a more
condensed list in Table 1.1 at the end of this section. Based on the results of Atkins and
Wakimoto (1991) and Wheeler and Roeder (1996), it was hypothesized that MDPI will
be higher on days during which more intense downbursts are observed at CCAFS/KSC.
That is, a direct relationship between MDPI and peak wind velocity was speculated to
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exist due to the presence of drier air aloft and a greater amount of water vapor present
near the surface in association with a higher MDPI. However, it should be noted that
MDPI is meant to be an indicator of the potential for downbursts to produce peak winds
greater than 35 knots, not necessarily a quantitative predictor of peak wind velocity above
35 knots (Wheeler and Roeder 1996).
It was also thought that the MDPI presented in Wheeler and Roeder (1996) could
be broken into its individual components and related to peak wind velocity. That is, it
was expected that lower values of θe within the 650-500 hPa layer will result in more
intense downbursts through entrainment of drier environmental air into the storm and the
resulting increase in negative buoyancy from greater evaporation of supercooled liquid
hydrometeors. Additionally, it was speculated that higher values of θe within the lowest
150 hPa of the atmosphere will produce more intense downbursts at CCAFS/KSC due to
the greater amount of water vapor available to enhance ice hydrometeor melting below
the 0 °C level.
Given the approach taken by Atkins and Wakimoto (1991) and Wheeler and
Roeder (1996) of analyzing morning soundings to predict downburst intensity, it was
hypothesized that the environmental signatures examined in this thesis could also be
analyzed in morning soundings to predict the intensity of downbursts that form later in
the day. However, it should be noted that early morning soundings would likely be
unrepresentative of the environmental conditions during a downburst that occurs later in
the afternoon or evening, given the evolution of the boundary layer that would take place
during that time. Thus, environmental signatures identified in early morning soundings
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could be early indicators of conditions that are conducive to the formation of a downburst
on a given day, but may not represent the conditions at the time of the downburst.
Based on the results of Srivastava (1987) and White (2015), it was hypothesized
that higher temperature lapse rates below the 0 °C level will be conducive to the
formation of more intense downbursts, due to the greater instability present in the
environment. It was further hypothesized that higher relative humidity values within a
few kilometers below the 0 °C level will produce more intense downbursts due to greater
melting rates occurring over a relatively shallow layer below the 0 °C level leading to
greater production of negative buoyancy (Srivastava 1987, Atlas et al. 2004).
During the cumulus stage of a thunderstorm, based on the results of Tuttle et al.
(1989) and Kumjian et al. (2014), it was expected that a taller Zdr column above the 0 °C
level will be directly related to more intense downbursts within the same thunderstorm.
A taller Zdr column could indicate the lofting of a greater quantity of liquid water and
water vapor above the 0 °C level (Tuttle et al. 1989) and keeping ice hydrometeors lofted
for a longer period of time as a result of the more intense updraft (Kumjian et al. 2014).
These ice hydrometeors will then be available to enhance negative buoyancy through
hydrometeor loading and freezing followed by subsequent melting during descent below
the 0 °C level (Srivastava 1987). Precipitation ice produced through mixed-phase
processes, which may be enhanced by a more intense updraft, would also be available to
melt during descent below the 0 °C level (Jameson et al. 1996, Bringi et al. 1997).
Similarly, based on Srivastava (1987), it was thought that a greater vertical extent of
precipitation ice in a thunderstorm will result in a more intense downburst due to the

20

greater availability of ice for melting during descent below the 0 °C level, in addition to
enhanced hydrometeor loading.
As a thunderstorm progresses into its mature stage, it was speculated that a higher
peak Zh present within a thunderstorm will result in a more intense downburst, based on
the results of Loconto (2006). A higher Zh value located at any height in a storm will
indicate the presence of large-sized and/or a large quantity of hydrometeors, which was
thought to indicate enhanced negative buoyancy through a large degree of hydrometeor
loading along with the melting (if ice) and/or evaporation (if liquid) of the hydrometeors.
During the dissipating stage of a thunderstorm, it was anticipated that the melting
of precipitation ice hydrometeors and the evaporation of smaller liquid hydrometeors
would be observable using Zdr, as described in Kumjian and Ryzhkov (2010). From the
results of Atlas et al. (2004) and Meischner et al. (1991), it was expected that the melting
of ice hydrometeors over a shallow layer below the 0 °C level would lead to the
formation of a more intense downburst through enhanced negative buoyancy resulting
from greater latent heat absorption over a smaller vertical depth. This rapid melting of
ice would lead to a sharp increase in Zdr due to the increased horizontal dimension of the
falling hydrometeors. The depletion of smaller liquid hydrometeors within the PSD
through preferential evaporation would also lead to an increase in Zdr.
From the results of White (2015), it was expected that Zdr would increase to at
least 3 dB during formation of a downburst when viewed using the 45WS-WSR.
Therefore, it was hypothesized that a more rapid increase in Zdr to a value of 3 dB with
decreasing height below the 0 °C level would produce a more intense downburst due to
the greater concentration of negative buoyancy production. Additionally, it was thought

21

that an increase in Zdr to 3 dB over a shallower depth below the 0 °C level would indicate
that falling ice hydrometeors would have more time to melt before reaching the surface,
since the melting rate would be high enough for falling ice hydrometeors to melt more
completely before reaching the surface, as indicated by the more rapid Zdr increase.
Since the collapse of a thunderstorm associated with the formation of a downburst
can be seen by the descending reflectivity core (DRC) in a thunderstorm (Wakimoto and
Bringi 1988), it was expected that the rapid increase in Zdr to 3 dB or greater would
indicate the formation of an intense downburst if viewed within the DRC. Additionally,
it was hypothesized that the vertical gradient in Zdr can be quantified within a DRC, with
a greater vertical gradient in Zdr producing a more intense downburst due to the implied
melting and/or evaporation of smaller hydrometeors occurring over a shorter vertical
distance within the collapsing thunderstorm (Atlas et al. 2004, Meischner et al. 1991).
Lastly, it was hypothesized that the radar signatures described above could be
analyzed over a longer period of time and further in advance of a threshold-level
downburst at CCAFS/KSC in multicell thunderstorms. All of these radar signatures are
related to the updraft-downdraft cycle within a thunderstorm, so it was hypothesized that
the magnitude of these signatures will provide an indication of how intense the downdraft
will be during a single updraft-downdraft cycle. Therefore, the number of times these
signatures are observable within a single thunderstorm will depend heavily on the type
and lifetime of the thunderstorm. For example, within an isolated convective cell, there
may be only one updraft-downdraft cycle before the storm completely dissipates. In this
type of thunderstorm, the radar signatures described above may only be observable one
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time each and for a relatively short period of time, since the typical lifetime of an isolated
convective cell in the southeastern United States is 20 – 40 minutes (Smith et al. 2004).
However, multiple updraft-downdraft cycles are present within multicell
thunderstorms, which suggests that these radar signatures may be identifiable at multiple
(separate) time periods during the lifecycle of the multicell thunderstorm. When these
signatures are present within a cell that is part of a multicell system, it was hypothesized
that the downdraft that occurs during that cell’s updraft-downdraft cycle will be intense
(i.e., 45WS warning threshold-level), similar to the updraft-downdraft cycle found within
an isolated convective storm. However, it was speculated that the gust front that forms as
a result of the intense downdraft, as illustrated in Fig. 1.2, would be enhanced by the
stronger outflow from the storm (i.e., would propagate faster away from the collapsing
thunderstorm). As a result, the horizontal vorticity generated along the gust front would
be enhanced as well, which could lead to more intense convection along the leading edge
of the gust front. It was hypothesized that this increase in convection could produce a
stronger updraft within a new cell developing as part of the multicell system. It is
possible that the enhanced updraft would lead to an intense (possibly threshold-level)
downdraft within this new cell, which could be identifiable using the radar signatures
presented in this chapter. Thus, the intense gust front from the earlier cell will have
produced threshold-level winds directly, but will have also had an indirect effect on
producing threshold-level winds in the later cell due to the updraft enhancement resulting
in a more intense downdraft. It is also possible that the collision of multiple gust fronts
from multiple thunderstorms may lead to enhanced convection and formation of a
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thunderstorm that will produce threshold-level winds if the region of low-level
convergence remains relatively deep during the collision (Kingsmill 1995).
Based on these hypotheses, it was thought that radar signatures within earlier cells
in multicell systems could be identified and analyzed to predict the formation of
threshold-level winds during a later updraft-downdraft cycle in the same multicell
system. If these signatures could be identified in multicell thunderstorms located several
tens of kilometers away from CCAFS/KSC and propagating towards CCAFS/KSC, it was
speculated that greater lead times could be offered for 45WS convective wind warnings.
This would especially hold true for long-lived multicell thunderstorms (i.e., lifetime
longer than 30 minutes), where radar signatures could be identified and warnings issued
with the lead times desired by the 45WS. This would also allow for radar signatures
observed near the time of a downburst (i.e., as a thunderstorm collapses) in past literature
(e.g., Wakimoto and Bringi 1988, Tuttle et al. 1989) to provide much longer lead times
for a specific location than the few minutes typically offered by these signatures in single
updraft-downdraft cycles. This idea is further supported by the fact that thunderstorms
tend to intensify as they propagate eastward across Florida towards CCAFS/KSC (Roeder
et al. 2014), which means that identification of these signatures earlier in multicell
thunderstorms located to the west of CCAFS/KSC may denote storms that will produce
threshold-level winds at the CCAFS/KSC complex.
To summarize, it was hypothesized that identification of the radar signatures
presented in this chapter within earlier cells in a multicell thunderstorm may be used to
predict the occurrence of threshold-level winds at CCAFS/KSC resulting from the
collapse of later cells within the same multicell system. This results from the downdrafts
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that occur within the earlier cells directly producing threshold-level winds at the time of
storm collapse (as indicated by the presence of the radar signatures within these cells),
but would also indirectly result in the formation of threshold-level winds during the
collapse of later cells. The latter phenomenon would be caused by increased convection
along the leading edge of the intense gust front from an earlier cell, which would produce
a more enhanced updraft within the next cell in the multicell system, which in turn would
lead to an enhanced downdraft in this next cell, and the cycle would repeat as the storm
propagates. Thus, identifying radar signatures earlier in multicell systems may indicate
storm processes that teleconnect to formation of threshold-level winds within the same
storm system, which may offer considerably longer lead times for 45WS convective wind
warnings. However, it should be noted that the increased lead times would be offered for
a specific location (e.g., CCAFS/KSC in this study), not for the storm as a whole. This is
because the multicell system would likely be producing threshold-level winds during
each downdraft as it propagates. A summary of the fundamental hypotheses for this
thesis can be found in Table 1.1.
This thesis presents the results obtained from analyzing a sample of thresholdlevel downbursts at CCAFS/KSC and comparing these results to those obtained from
analyzing a sample of null downbursts at CCAFS/KSC. The hypotheses described in this
chapter were investigated using a combination of wind, environmental, and radar data.
Multiple signatures were identified within the environmental and radar data, and their
relations to peak wind velocity (especially winds of 35 knots or greater) were studied
with a focus on understanding the physical implications of each signature. It should be
noted that the primary focus of this thesis is improving the 45WS Threshold-1 convective
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Table 1.1. A summary of the fundamental environmental and radar hypotheses for this thesis. The
parameters listed in the first five rows in each column were hypothesized to have a direct relationship with
peak downburst wind velocity at CCAFS/KSC on any given day.

Environmental Hypotheses

Radar Hypotheses

Lower θe aloft (650 - 500 hPa)

Taller Zdr columns

Higher θe in lowest 150 hPa

Greater quantity of precipitation ice

Higher Microburst-Day Potential Index
(MDPI)

Higher Zh at any height in storm

Higher temperature lapse rates in
various layers below 0 °C level

Greater amount of ice hydrometeor
melting

Higher relative humidity directly below
the 0 °C level (i.e., over the 2 km layer
directly beneath the 0 °C level)

Precipitation ice melting over a shallow
layer (implied by a rapid increase in Zdr)

Signatures can be analyzed in morning
soundings to predict conditions in
afternoon

Signatures can be analyzed in earlier
cells in multicell thunderstorms to predict
downburst intensity in later cells

wind warning (i.e., 35 knots) through increasing lead times, decreasing POFA, and
providing a high skill score all while maintaining a high POD. Specific improvements to
45WS convective wind warning Threshold-2 will be explored in future work as part of
this ongoing research project. In this thesis, an overview of the data and methodology
used in the analyses is presented in Chapter 2, the results and discussion of the
environmental analyses can be found in Chapter 3, the results and discussion of the radar
analyses can be seen in Chapter 4, the conclusions and future work are presented in
Chapter 5, and an overview of the 45WS-WSR can be found in Appendix A.
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CHAPTER 2

DATA AND METHODOLOGY

2.1 Wind Data and Analyses
The peak wind velocity produced by each threshold-level downburst was
examined using data from the Cape WINDS towers. In this study, hard cut-off wind
velocity values of 35.0 knots and 50.0 knots were used for defining and identifying
Threshold-1 and Threshold-2 downbursts, respectively. In other words, recorded winds
less than 35 knots were not rounded-up (e.g., a recorded wind velocity of 34.9 knots was
considered to be below Threshold-1 status). In this study, all cases analyzed occurred
during the 2015 warm season at CCAFS/KSC (i.e., May – September 2015). All Cape
WINDS data from this time period were provided to the author by Mr. Jeffrey Zautner of
the United States Air Force’s 14th Weather Squadron (14WS). For a recorded thresholdlevel wind velocity to initially be considered for use in this study, a peak wind of at least
18.0 ms-1 (approximately 35 knots) must have been recorded on at least one Cape
WINDS tower for Threshold-1 downbursts and a peak wind of at least 25.7 ms-1
(approximately 50 knots) must have been recorded on at least one Cape WINDS tower
for Threshold-2 downbursts. Any situations where threshold-level winds were listed on
other sources (e.g., the Storm Prediction Center’s Storm Reports Archive) but not
recorded on the Cape WINDS were not considered in this study.
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The Cape WINDS data have a reporting period of 5 minutes, during which
continuous measurements are taken (CSR 2015). These data were provided in a text
document containing all Cape WINDS information from May – September 2015. Each
line in the file contained several variables (e.g., peak wind velocity, mean wind direction)
from a single 5-minute reporting period from a single sensor on a single Cape WINDS
tower. A program was written in the Interactive Data Language (IDL) by the author to
parse the text file and extract the following information from every line of data where the
recorded 5-minute maximum wind velocity met 45WS warning Threshold-1:


5-minute peak wind velocity (in meters per second);



Cape WINDS Tower ID number that recorded the peak wind velocity;



Date and time the peak wind velocity was recorded (i.e., the date and time at
the start of the 5-minute reporting period);



Compass direction the sensor that recorded the peak wind velocity was facing
(if applicable);



Height of the sensor that recorded the peak wind velocity (in meters AGL);



5-minute mean wind direction from the sensor that recorded the peak wind
velocity (in degrees).

These data were then organized by date and categorized as Threshold-1 or Threshold-2
winds. An example of this information as seen in the IDL program output can be found
in Fig. 2.1. Since the data were from a 5-minute reporting period, and the time listed in
each line was the start time of that 5-minute reporting period, the exact start time and
duration of each threshold-level wind report could not be accurately deduced. For
example, the time reported for the threshold-level wind seen in Fig. 2.1 was
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18:30:00 UTC. However, since the peak wind velocity was recorded within a 5-minute
reporting period, the exact time the peak wind velocity was recorded by the tower sensor
could have been anywhere from 18:30:00 UTC to 18:35:00 UTC. For this study, a
median time within each reporting period (i.e., 2.5 minutes after the listed time in each
line of data) was assumed to be the time the threshold-level winds were first recorded by
the Cape WINDS tower sensor. For the example in Fig. 2.1, the assumed time the peak
wind velocity was first recorded by the tower sensor would be 18:32:30 UTC.
Furthermore, the mean wind direction from each 5-minute reporting period was assumed
to be associated with the threshold-level wind velocity (i.e., was assumed to indicate the
direction of the threshold-level winds). For the example in Fig. 2.1, it would be assumed
that the peak wind velocity came from a compass direction of approximately 285 degrees.
Organized list of Warning Threshold #1 Information:
Wind Gust, Tower ID, Date/Time, Sensor Direction, Sensor Height, Mean Wind Dir.
18.5000 1007 25JUL2015:18:30:00 ND
16.4600
285.000
There are no wind gusts during this time period that meet Warning Threshold #2
Figure 2.1. An example of the Cape WINDS information as output from the IDL program designed to
parse the Cape WINDS data file. The information presented from left-to-right is the maximum wind
velocity during the 5-minute reporting period (in ms-1), the ID number of tower that recorded the listed
maximum wind velocity, the date and time (in UTC) at the start of the 5-minute reporting period, the
direction of the sensor that recorded the maximum wind velocity (ND indicates “no direction” specified in
this case), the height of the sensor that recorded the maximum wind velocity (in meters AGL), and the
mean wind direction observed by the sensor during the 5-minute reporting period (in degrees).

In cases where different peak wind velocities were observed by sensors located at
different heights on the same Cape WINDS tower, the maximum velocity observed by
any of these sensors was assumed to be the peak wind velocity in the downburst. Winds
recorded at higher levels AGL on the Cape WINDS towers were considered because
45WS convective wind warnings extend from the surface to 200 feet AGL for CCAFS
and from the surface to 300 feet AGL for KSC (Loconto 2006). An example of this type
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of situation is presented in Fig. 2.2. Within each line of Cape WINDS data in Fig. 2.2, it
can be seen that each report is from the same Cape WINDS tower (0397) and each report
is from the same date and reporting period (21 July 2015, 19:25:00 UTC), but the sensor
heights and the peak wind velocity noted by each sensor are different. In the situation
seen in Fig. 2.2, a wind velocity of 21.1 ms-1 (seen at 40.84 m AGL) would be assumed
to be the maximum wind velocity observed at Tower 0397 during this 5-minute reporting
period, and it would be assumed that the 21.1 ms-1 wind came from a compass direction
of approximately 278 degrees.
Organized list of Warning Threshold #1 Information:
Wind Gust, Tower ID, Date/Time, Sensor Direction, Sensor Height, Mean Wind Dir.
18.0000 397 21JUL2015:19:25:00 ND
40.5400
276.000
21.1000 397 21JUL2015:19:25:00 ND
40.8400
278.000
19.0000 397 21JUL2015:19:25:00 ND
116.730
281.000
19.0000 397 21JUL2015:19:25:00 ND
117.040
274.000
18.0000 397 21JUL2015:19:25:00 ND
139.900
272.000
There are no wind gusts during this time period that meet Warning Threshold #2
Figure 2.2. Cape WINDS data as seen in the IDL code output (same as Fig. 2.1), but with reports of
threshold-level wind velocities from multiple sensors on the same Cape WINDS tower during the same 5minute reporting period.

2.2 Environmental Data and Analyses
Environmental conditions were analyzed in this study using atmospheric sounding
data from the KXMR site located at the KSC skid strip. All sounding data were provided
to the author by Mr. Jeffrey Zautner of the 14WS. Quality checks were applied to all
KXMR data by the 14WS, which included: eliminating missing data, eliminating data
values of temperature, wind speed, pressure, etc. that fell outside of set threshold values,
and converting any variables in non-metric units to metric units, among other quality
checks. KXMR soundings were analyzed on all days from the 2015 warm season at
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CCAFS/KSC during which at least one peak wind velocity of 35+ knots was recorded on
the Cape WINDS (i.e., all “downburst days”), provided that 45WS-WSR data were also
available each day. This included four downburst days where Threshold-2 winds were
also recorded on the Cape WINDS. On most days, soundings are launched from KXMR
at 0000 UTC, 1000 UTC, and 1500 UTC, though these times can vary depending on
anticipated weather conditions, planned space launches, etc.
When examining radar signatures identified in this study in an environmental
context, the KXMR sounding from the time nearest the recorded threshold-level wind
velocity was primarily used in each case. However, for the environmental analyses,
KXMR soundings launched during the morning hours at CCAFS/KSC (e.g., 1000 UTC,
1500 UTC) were used to analyze the pre-storm environment in each case and to identify
environmental signatures that could be used by 45WS forecasters to note conditions that
are more favorable for the production of threshold-level downbursts on a given day.
The data from each KXMR sounding that was examined were analyzed using a
variety of codes that were written in IDL by the author. Height levels within each
sounding where one or more variables required for the calculations in this study were
missing (e.g., temperature, dew point temperature) were not used in any calculations.
The IDL codes were used to calculate the following parameters for each 1000 UTC and
1500 UTC KXMR sounding examined on downburst days from May – September 2015:
1. Height of the 0 °C level;
2. Height of minimum equivalent potential temperature (θe) in the sounding;
3. Minimum value of θe within the 650-500 hPa layer;
4. Mean value of θe over the 650-500 hPa layer;
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5. Maximum value of θe within the lowest 150 hPa in the sounding;
6. Mean value of θe over the lowest 150 hPa in the sounding;
7. Microburst-Day Potential Index (MDPI) (Wheeler and Roeder 1996);
8. Temperature lapse rate from the surface to 2 km AGL;
9. Temperature lapse rate from the surface to the 0 °C level;
10. Temperature lapse rate from 2 km below the 0 °C level to the 0 °C level;
11. Mean relative humidity from 2 km below the 0 °C level to the 0 °C level;
12. Maximum relative humidity from 2 km below the 0 °C level to the 0 °C level.
Codes written in IDL were used to compare the calculated values for parameters 3 – 12 in
the list above to the maximum wind velocity observed on the same downburst day (i.e.,
from 0000:00 UTC to 2359:59 UTC) as the KXMR sounding used in the calculations.
This comparison was accomplished by producing scatter plots of the values of parameters
3 – 12 calculated from 1000 UTC and 1500 UTC (when applicable) KXMR soundings on
each downburst day and the peak wind velocity observed on each downburst day.
In determining the height of the 0 °C level within each sounding, an IDL code
was used to check the sounding for the presence of any height levels where a value of
0.0 °C was listed. If this value was found, the code would output the associated height
level. If no listed height levels had a temperature of 0 °C, the height of the 0 °C level
was estimated using linear interpolation by identifying two height levels within the
sounding, one with a negative temperature near 0 °C and one with a positive temperature
near 0 °C. The linear interpolation was performed using the equation
H0C = Hp + {Tp ⋅ [

−(Hn − Hp )
⁄
]},
(Tn − Tp )
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(1)

where H0C is the estimated height of the 0 °C level, Tp is the positive temperature value
nearest 0 °C, Hp is the height level of Tp, Tn is the negative temperature value nearest
0 °C, and Hn is the height level of Tn. In any given sounding, Hp would be found below
the 0 °C level, since Tp is a positive temperature value, while Hn would be found above
the 0 °C level, since Tn is a negative temperature value. It should be noted that Eq. (1) is
most accurate for relatively shallow layers, as the assumption that atmospheric
temperature varies linearly with height becomes less accurate for larger vertical distances.
Next, the height level of minimum θe in the sounding was determined by
calculating θe at all heights in the sounding where sufficient information was present to
do so. This was accomplished using the relation
θe = θ exp {[(3.376⁄T ) − 0.00254] x r (1 + 0.81 x 10-3 r)},
L

(2)

where θe is equivalent potential temperature, θ is potential temperature, TL is the
temperature at the lifted condensation level (LCL), and r is mixing ratio (Bolton 1980).
In Eq. (2), the value of θ was calculated using the relation
[(
θ = TK (1000⁄p)

Rd
⁄cp )(1 − 0.28 x 10-3 r)]

,

(3)

where θ is potential temperature (in K), TK is air temperature (in K), p is atmospheric
pressure (in hPa), Rd is the universal gas constant for dry air, cp is specific heat of dry air
at constant pressure, and r is mixing ratio (Bolton 1980). In this study, values of
Rd = 287.05 J kg-1 K-1 (Petty 2008) and cp = 1005.7 J kg-1 K-1 (Bolton 1980) were used
for all calculations. The values of r in Eqs. (2) and (3) were calculated as
r=

(εe)
⁄(p − e),

33

(4)

where r is mixing ratio, e is vapor pressure, p is pressure, and ε = 0.622 (Petty 2008).
The vapor pressure in Eq. (4) was determined using the following relation, which is a
variation of the approximation seen as Eq. (10) in Bolton (1980):
e(Td ) = 6.112 exp [

(17.67 Td )
⁄(T + 243.5)],
d

(5)

where e(Td) is the vapor pressure (in hPa) at the dew point temperature Td (in °C). The
value of TL in Eq. (2) was calculated as
TL = [2840⁄(3.5 ln T − ln e − 4.805)] + 55,
K

(6)

where TL is the approximate height of the LCL, TK is temperature (in K), and e is vapor
pressure (Bolton 1980). The value of e in Eq. (6) was determined using Eq. (5). For each
KXMR sounding, the values of TK and e in Eq. (6) were taken from the lowest level in
the sounding and used to calculate the LCL for that sounding. The height level in the
KXMR sounding where θe was at a minimum was used as the level of minimum θe.
Several lines of data within the KXMR soundings from May – September 2015
contained pressure and height data (among other variables), but were lacking temperature
and/or dew point temperature data. Given the variables required for the calculations in
Eqs. (2) through (6), only lines of data in KXMR soundings where temperature and dew
point temperature were present were used for the calculations in this study (i.e., lines with
missing temperature and/or dew point temperature values were removed). For each
KXMR sounding, the same IDL code was used to determine the minimum and mean
values of θe between the 650 and 500 hPa levels, as well as the maximum and mean
values of θe in the lowest 150 hPa of the sounding. All of these parameters were then
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plotted against the peak wind velocity on the same day as the sounding to examine any
potential relationships between each of these parameters and peak wind velocity.
Following that, as shown in Wheeler and Roeder (1996), MDPI was calculated for
each 1000 UTC and 1500 UTC KXMR sounding using the relation
MDPI =

(Maximum θe − Minimum θe aloft)⁄
CT,

(7)

where MDPI is the Microburst-Day Potential Index, Maximum θe is the maximum value
of θe in the lowest 150 hPa of the sounding, Minimum θe aloft is the minimum value θe
between 650 and 500 hPa, and CT is the critical threshold for temperature. In this study,
as was done in Wheeler and Roeder (1996), a value of CT = 30 K was used in Eq. (7).
All of the calculated MDPI values were then plotted against peak wind velocity on the
same day as the sounding to explore the utility of using MDPI to predict a peak wind
velocity greater than 35 knots on a given day. However, it should be noted that MDPI is
designed to be used with soundings around 1000 UTC only, and is designed to predict the
probability of a downburst with peak winds of 35 knots or greater occurring on a given
day, not the exact peak wind velocity above 35 knots (Wheeler and Roeder 1996).
All temperature lapse rate values in this study were calculated using the relation
LR =

(T1 − T0 )
⁄(H − H ),
1
0

(8)

where LR is the temperature lapse rate (i.e., the change in temperature over a change in
height), T1 and T0 are the temperatures (in °C or K) at the top and bottom of the layer of
interest, respectively, and H1 and H0 are the heights (in meters AGL) at the top and
bottom of the layer of interest, respectively. It should be noted that the lapse rates listed
as parameters 8 – 10 in the list presented earlier in this section were calculated strictly
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using the difference in temperatures and heights at the top and bottom of the listed layers,
with no regard for how the temperature varied with height (e.g., non-linearly) within the
layer, as this approach has been commonly used in past studies. Scatter plots were then
made, using code that was written in IDL, for each of the lapse rates from the 1000 UTC
and 1500 UTC KXMR soundings plotted against the peak wind velocity on each of the
downburst days to explore the relation between temperature lapse rates calculated over
various height regions and peak downburst wind velocity on a given day.
The relative humidity at all available levels in each 1000 UTC and 1500 UTC
KXMR sounding on downburst days was calculated using the relation
RH = [e⁄e (T)] ∙ 100%,
s

(9)

where RH is relative humidity (in %), e is the actual vapor pressure, and es(T) is the
saturation vapor pressure at temperature T (Petty 2008). In Eq. (9), the value of e was
calculated using Eq. (5) and the value of es(T) was calculated using the following
approximation from Bolton (1980):
es (T) = 6.112 exp [

(17.67 T)
⁄(T + 243.5)],

(10)

where es(T) is the saturation vapor pressure (in hPa) at temperature T (in °C). The mean
and maximum values of RH over the layer from the 0 °C level to 2 km below the 0 °C
level were calculated and plotted against peak wind velocity on each downburst day
using the 1000 UTC and 1500 UTC KXMR soundings to explore potential relationships
between these RH parameters and peak wind velocity on a given day.
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2.3 Radar Data and Analyses
All radar data used in this study were from the 45WS-WSR C-band dualpolarization radar (Roeder et al. 2009), which were provided to the author by Mr. Todd
McNamara of the 45WS. It should be mentioned that some quality control was applied to
the raw 45WS-WSR data (e.g., propagation correction) before being received by the
author. The first step in analyzing these radar data was to ensure the presence of a storm
cell around the location and time of each threshold-level wind recorded on the Cape
WINDS on each downburst day. This was accomplished by reading the raw 45WS-WSR
data into GR2Analyst (Gibson 2005). Within the 45WS-WSR data set, every elevation
angle is stored as its own separate Sigmet Interactive Radar Information System (IRIS)
file. Typically, there are 13 elevation angles within a single 159-second 45WS-WSR
volume scan (Roeder et al. 2009). In order to visualize a complete volume scan in
GR2Analyst, all 13 elevation angles associated with that volume scan had to be
simultaneously imported into GR2Analyst, and only one volume scan could be read into
GR2Analyst at a time. If no storm cells were present over or around the CCAFS/KSC
complex at the time of a recorded threshold-level wind report on the Cape WINDS, it was
assumed that the recorded wind was not associated with a downburst and was not
included in the threshold-level downburst sample for this study.
If a storm cell was present over the CCAFS/KSC complex around the time of the
recorded wind and no apparent wind sensor errors were present, the recorded wind was
assumed to be associated with a downburst and was included in the sample for this study.
For all downbursts included in the sample, 45WS-WSR data were analyzed from at least
50 minutes before each Threshold-1 downburst (if possible) and at least 80 minutes
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before each of the Threshold-2 downbursts included in the Threshold-1 sample (if
possible) to 15 minutes after each threshold-level downburst. In other words, storms that
produced a Threshold-1 downburst were analyzed over a time period of at least
65 minutes (if possible) and storms that produced a Threshold-2 downburst were
analyzed over a time period of at least 95 minutes (if possible). It should be noted that
three Threshold-2 downbursts were included in the threshold-level downburst sample for
the radar analysis in this thesis. Though the primary focus of this thesis is the 45WS
Threshold-1 warning, Threshold-2 winds would also meet Threshold-1 by definition.
These three downbursts were included to begin analyzing radar signatures in Threshold-2
downbursts, which will be continued in future work.
During the analysis periods for each downburst, the raw 45WS-WSR data were
gridded to a Cartesian coordinate system using the Python ARM Radar Toolkit (Py-ART)
(Helmus and Collis 2016). The decision was made to grid the radar data for this study to
allow for increased flexibility in selecting vertical and horizontal cross section locations
and to smooth any noise and missing data that were present in the raw data, examples of
which can be found in Appendix A. The radar data were gridded out to 100 km north,
south, east, and west from the 45WS-WSR and 17 km in the vertical direction, with the
45WS-WSR located at the grid origin. A 500 m grid resolution and a 1 km constant
radius of influence were used in the vertical and horizontal dimensions, and a Cressman
weighting function (Cressman 1959) was used during data interpolation. This gridding
methodology was selected based on the 45WS-WSR beam width and vertical spacing
between 45WS-WSR beams over CCAFS/KSC (as seen in Appendix A), and through the
results of an empirical analysis using different gridding techniques that was performed by
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the author. Since the raw Zh and Zdr data from the 45WS-WSR are on a logarithmic scale
(i.e., in units of dBZ and dB, respectively), performing linear data interpolation with the
Cressman weighting function would result in erroneous values of Zh and Zdr if applied to
these data in their raw logarithmic units. Therefore, before gridding any radar data, all
raw Zh and Zdr data were converted to a linear scale using the relations
linear_Zh =10(logarithmic_Zh⁄10) ,
(logarithmic_Zdr⁄10)

linear_Zdr =10

,

where linear_Zh is Zh in linear units of mm6m-3, logarithmic_Zh is Zh in logarithmic units
of dBZ, linear_Zdr is Zdr on a linear scale (unitless), and logarithmic_Zdr is Zdr in
logarithmic units of dB (Jameson 1983).
To grid each individual volume scan to a Cartesian coordinate system, since each
elevation angle of raw 45WS-WSR data is stored as its own file in Sigmet IRIS format,
all 13 elevation angles associated with a given volume scan were grouped into a single
directory. The 13 elevation angles within that directory were then read into Py-ART and
gridded. The resulting gridded volume scan was then exported from Py-ART as a
Network Common Data Form (NetCDF) file and saved for later visualization. This
process was repeated for each volume scan analyzed in this study.
To visualize the gridded 45WS-WSR volume scans, a procedure was written in
IDL to read in the data from a single NetCDF file and generate an image of the radar data
contained within that file. The framework for this procedure was provided by Dr. Phillip
Bitzer of the Department of Atmospheric Science at the University of Alabama in
Huntsville before being modified by the author for use in this study. The same IDL
procedure allowed for vertical and horizontal cross sections to be taken through the
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gridded radar data at any distance specified from the radar, along with the option to create
a composite reflectivity image of the gridded radar data.
For each downburst-producing storm to be analyzed sufficiently far in advance of
the recorded threshold-level wind in each case (i.e., at least 30 minutes of lead time), the
storm responsible for producing the recorded winds had to be identified. This was
accomplished using a composite reflectivity image covering the CCAFS/KSC complex
from the 45WS-WSR volume scan that ended nearest the time of the recorded thresholdlevel winds. In addition, horizontal cross sections were produced over the CCAFS/KSC
complex at two height levels: one at 1.0 km AGL and one within 500 m above the 0 °C
level (which corresponded to a height of 4.5, 5.0, or 5.5 km AGL in all cases). Within
the horizontal cross sections and composite reflectivity images, the locations of the 29
Cape WINDS towers were marked to allow for analysis of storm cells with respect to the
positions of the Cape WINDS towers.
The composite reflectivity and horizontal cross section images were examined
considering the 5-minute mean wind direction at the Cape WINDS tower during the time
of the recorded threshold-level winds. It was assumed that the 5-minute mean wind
direction at the time of the threshold-level winds indicated the direction from which the
winds associated with the downburst came. The storm cell nearest the tower along the
approximate direction of the 5-minute mean wind at the time of the recorded thresholdlevel winds was assumed to be the cell responsible for producing the downburst.
Once the cell responsible for the recorded downburst was identified, it was
manually tracked backwards in time using the composite reflectivity and horizontal cross
section images. The cell was tracked back until at least 50 minutes before Threshold-1
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downbursts and at least 80 minutes before Threshold-2 downbursts, if possible. These
times were chosen to allow approximately 20 minutes for 45WS forecasters to analyze
thunderstorms before issuing a convective wind warning with the desired lead times of
30 and 60 minutes before Threshold-1 and Threshold-2 downbursts, respectively. If the
lifetime of the thunderstorm was less than 50 or 80 minutes, the storm cell was tracked
back until the time at which it formed. In cases of storm mergers or splits, all cells
involved with each merge or split were tracked and analyzed.
Once the cell was tracked back in time, vertical cross sections were taken through
the center of the cell and/or around the location of peak Zh within the cell. A y-distance
from the 45WS-WSR was selected for east-west vertical cross sections to be taken, and
an x-distance from the 45WS-WSR was selected for north-south vertical cross sections to
be taken. East-west vertical cross sections were taken every 500 m over a distance of
3 km south to 3 km north of the specified y-distance, and north-south vertical cross
sections were taken every 500 m over a distance of 3 km west to 3 km east of the
specified x-distance. In other words, east-west and north-south vertical cross sections
were each generated at 13 distances from the 45WS-WSR. At each of these locations,
vertical cross sections of Zh, Zdr, and ρhv were produced. Therefore, 39 total east-west
and/or 39 total north-south vertical cross sections were generated through the storm cell
during each volume scan analyzed.
A segment of IDL code was written to mark the heights AGL of the 0 °C level
and level of minimum θe on all vertical cross sections, which were calculated from the
KXMR sounding nearest the time of the recorded threshold-level winds. Inclusion of
these heights on the vertical cross sections allowed for each radar variable to be analyzed
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in an environmental context to better understand the kinematic and microphysical
processes that were occurring within the thunderstorm. These physical processes were
visually examined in each of the vertical cross sections taken during each volume scan,
and all subsequent volume scans moving forward in time were analyzed similarly.
This process was repeated for all volume scans in an initial sample of seven
thunderstorms that produced threshold-level downbursts at CCAFS/KSC. The vertical
cross sections in this relatively small sample were then visually examined in thorough
detail with the intent of identifying common trends within Zh, Zdr, and ρhv among these
seven storms and deducing the physical implications of the identified signatures. When
identifying each signature, care was taken to avoid radar sidelobe regions (i.e., regions of
high Zh gradient), and the horizontal continuity of the signature (i.e., its presence in at
least two adjacent vertical cross sections) was checked to minimize the risk of the
observed signature being the result of noise rather than physical processes. The lead
times of each identified radar signature were then calculated using the relation
LT = (Estimated Time of Downburst) − (End Time of Volume Scan),

(11)

where LT is the lead time in minutes, (Estimated Time of Downburst) is the time at
which the downburst was estimated to occur (i.e., 2.5 minutes after the recorded time of
the threshold-level winds), and (End Time of Volume Scan) is the time at which the
volume scan ended wherein the selected radar signature was observed.
In situations where threshold-level winds were observed at multiple times in
multicell thunderstorms in association with the multiple downdrafts, only one lead time
was calculated for the entire storm, which was based on the first recorded threshold-level
wind associated with the thunderstorm (with one exception – see below). This was done

42

to avoid a lead time bias that would result from analyzing multiple downbursts within the
same multicell system. Additionally, the 45WS is primarily concerned with lead time for
the first occurrence of threshold-level winds at CCAFS/KSC, not necessarily subsequent
threshold-level winds in a multicell thunderstorm (Todd McNamara, 2016, personal
communication), so only including the first recorded downburst in a multicell
thunderstorm was also in accordance with the primary focus of 45WS forecasters.
The only exception to this rule applied to a downdraft in a multicell thunderstorm
that produced Threshold-1 winds before a later (i.e., separate) downdraft in the same
multicell thunderstorm produced Threshold-2 winds. In this case, lead times were
calculated separately for the first recorded Threshold-1 winds and the first recorded
Threshold-2 winds. This exception was allowed because separate warnings are issued by
the 45WS for Threshold-1 and Threshold-2 winds, and separate lead times are calculated
for each. It should be mentioned that this situation of a Threshold-2 downburst occurring
after a Threshold-1 downburst in the same multicell thunderstorm was only observed in
two cases in this study. For the third Threshold-2 downburst included in the radar
analysis, no Threshold-1 winds were analyzed before the recorded Threshold-2 winds.
Once several common signatures were identified in the radar data from the initial
small sample of seven storms and their lead times were calculated, the process described
above for tracking and visualizing downburst-producing thunderstorms was repeated for
an additional 25 threshold-level downbursts. This yielded a sample of 32 threshold-level
downbursts used in this study. During analysis of these 25 additional threshold-level
downburst-producing thunderstorms, any additional radar signatures commonly observed
within the thunderstorms were noted. The lead times of each radar signature were then
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calculated using Eq. (11). It should be mentioned that not all volume scans within these
25 downburst-producing storms were necessarily analyzed. If all identified radar
signatures (at their selected threshold values – see below) were observed before the time
of the downburst in a given case, the remaining volume scans between the time of the
downburst and the time at which the final radar signature was observed were not
analyzed. This is because lead times were able to be calculated for all signatures using
the volume scans observed thus far in the thunderstorm, and analysis of volume scans
nearer the time of the downburst would not offer any longer lead times.
Once all selected radar signatures were identified and their lead times calculated
for the sample of 32 threshold-level downbursts, a sample of downdrafts that did not
produce peak winds of 35 knots or greater (i.e., “null downbursts”) was developed so the
identified radar signatures could be analyzed in situations where the resulting winds did
not meet 45WS warning criteria. This sample of null downbursts was needed in this
study to analyze POFA and skill scores for each of the identified radar signatures. For a
downdraft to be considered a null downburst, all of the following criteria had to be met:


The maximum Zh in the storm cell must have been at least 40 dBZ;



The downdraft could be identified by a DRC (or what remained of it)
observed in vertical cross sections;



The downdraft reached the surface within a 5 km radius of any Cape WINDS
tower, as observed by the DRC in vertical cross sections;



The associated thunderstorm did not produce recorded threshold-level winds
at any time before or after the null downburst;
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The storm cell associated with the null downburst did not merge with or split
from a thunderstorm that produced recorded threshold-level winds at any
point in its lifecycle.

All null downbursts were selected from dates in which threshold-level downbursts were
also observed, and all null downbursts occurred within 90 minutes of a threshold-level
wind report. This was done to avoid biasing the results of this analysis by selecting dates
and cases where a large number of “correct null” downbursts in a statistical analysis
would be observed. This was also done to analyze the identified radar signatures in null
downbursts under environmental conditions where threshold-level downbursts also
occurred to better understand what physical processes resulted in the formation of
threshold-level winds in some, but not all, downbursts under similar atmospheric
conditions, which would be of use to 45WS forecasters in real-time nowcasting.
For cases where multiple null downbursts were observed in a single multicell
thunderstorm, only one downdraft was selected for inclusion in the null downburst
sample, which was either the first downburst observed in the multicellular thunderstorm
or the downburst most easily observed descending to the surface as indicated by the
DRC. This was done to avoid overpopulating the null downburst sample with multiple
downbursts from the same thunderstorm. In addition, for this study, a maximum of two
null downbursts and two threshold-level downbursts were analyzed from any single
downburst day at CCAFS/KSC to allow for a broader range of environmental conditions
to be analyzed. Using the null downburst criteria described above, a total of 32 null
downbursts were selected from the 2015 warm season at CCAFS/KSC. The sample size
of null downbursts was selected to be the same as the sample size of the threshold-level
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downbursts to allow for more statistically significant conclusions to be drawn from
comparisons between the radar signatures observed in each sample.
For each null downburst, the complete updraft-downdraft cycle that resulted in the
formation of the null downburst was analyzed in a similar manner as previously
described for the threshold-level downbursts. The storm cell associated with each null
downburst was identified and tracked using composite reflectivity and two horizontal
cross sections taken at 1.0 km and 4.5, 5.0, or 5.5 km AGL during each 45WS-WSR
volume scan. However, rather than tracking the cell back in time starting at the time of
the downburst, the null downburst cells were tracked forward in time beginning with the
formation of an updraft as observed in the horizontal cross sections. At each volume scan
in the null downburst cell’s lifecycle, vertical cross sections were taken through the cell
in the same manner as previously described for threshold-level downbursts. The cell was
analyzed until the storm collapsed and a DRC was observed in the vertical cross sections.
The time of the null downburst was assumed to be the time the DRC (or what remained
of it) reached the surface in each cell. The radar signatures that were identified in the
threshold-level downbursts were examined in the null downbursts, and any similarities
and differences observed between the signatures in the null downbursts and thresholdlevel downbursts were documented. The presence of each radar signature in a null
downburst was noted for the purposes of calculating POFA and statistical skill scores.
Once the identified radar signatures had been examined in all 32 threshold-level
downbursts and all 32 null downbursts, a sensitivity test was conducted for the radar
signatures. This sensitivity test entailed calculating the POD, POFA, skill scores, and
lead times for different threshold values for each radar signature. When each signature
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was identified, a “tentative” threshold value was selected for that signature based on the
visual analysis of the radar cross sections for the threshold-level and null downbursts. It
was hypothesized that this tentative threshold value would offer both sufficiently long
lead times as well as reduced POFA values for 45WS convective wind warnings.
However, to gain confidence that the selected threshold value offered the best trade-off
between POD, POFA, skill score, and lead time, these parameters were calculated for the
selected threshold value as well as a few values greater than and less than the selected
value. For example, if the threshold value for a particular signature was its presence at
2.0 km above the 0 °C level before the time of the downburst, the POD, POFA, lead time,
and skill scores were firstly calculated for that signature using a value of 2.0 km above
the 0 °C level. These same parameters were then calculated for that signature using a few
other threshold values (e.g., 1.5, 2.5, 3.0 km above the 0 °C level). This process provided
a list of POD, POFA, skill score, and lead time values for each threshold value for each
radar signature. This resulting list can be used by each individual reader to select the
threshold value for each radar signature that would offer an optimal trade-off between
POD, POFA, skill score, and lead time for their application of these results.
The statistical skill scores for each signature’s threshold values were calculated
using the contingency table seen in Table 2.1 (Wilks 2011).
Table 2.1. A 2 X 2 contingency table.

Forecast?

Yes
No
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Observed?
Yes
No
a
b
c
d

In this study, the “Forecast” yes/no in Table 2.1 would indicate the presence of a given
radar signature at a given threshold value (forecast = yes) or lack thereof (forecast = no),
since the presence of the signature at the selected threshold value was used to forecast the
occurrence of 35+ knot downbursts. In other words, the presence of a given radar
signature would forecast “yes” for the occurrence of a 35+ knot downburst, while the
lack of a given radar signature would forecast “no” for the occurrence of a 35+ knot
downburst. The “Observed” yes/no in Table 2.1 in this study would be the occurrence of
a 35+ knot downburst (observed = yes) or lack of a 35+ knot downburst (observed = no)
in the same storm wherein the signature and threshold value in question were examined.
Using Table 2.1, the values of POD and POFA were calculated for each signature and
threshold value using the following relations from Wilks (2011):
POD = a⁄(a + c),

(12)

POFA = b⁄(a + b).

(13)

The performance of each radar signature at each threshold value was analyzed using two
statistical skill scores: True Skill Statistic (TSS) and Critical Success Index (CSI) (Wilks
2011). Using Table 2.1, the values of TSS were calculated using the equation
TSS =

(ad − bc)
⁄(a + c)(b + d).

(14)

The value of TSS can range from -1 to 1, with a value of 1 indicating a perfect forecast, a
value of 0 indicating a performance equal to that of random forecasting, and a negative
score indicating a performance worse than random forecasting (Wilks 2011). The 45WS
considers TSS values between 0.3 and 0.5 to be “marginally useful” (Rennie 2010). The
values of CSI were calculated using the equation
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CSI = a⁄(a + b + c).

(15)

The value of CSI can range from 0 to 1, with 0 indicating the worst possible score for the
parameter and 1 indicating the best possible score (Wilks 2011). Using Eqs. 11 – 15,
each of the threshold values for each of the identified radar signatures was examined to
evaluate its performance in predicting the occurrence of threshold-level winds at
CCAFS/KSC. However, while comments were made about the “seemingly best”
threshold value for each signature, no single threshold value was selected as the only one
to consider, but rather it was decided to let each individual user select which threshold or
combinations of thresholds would best suit their needs based on trade-offs between the
POD, POFA, skill score, and lead time values presented. The sensitivity tests conducted
for each radar signature will be discussed in more detail in Chapter 4.
It should be noted that, in this study, the analysis approach for the radar signatures
was different than that for the environmental signatures. Each environmental signature
was analyzed by examining its correlation with peak wind velocity, while each radar
signature was analyzed by identifying its presence in any thunderstorm that produced
threshold-level winds at CCAFS/KSC, with no correlation considered between the radar
signatures and an exact peak wind velocity. This difference was due to all of the dates
analyzed in this study being downburst days (i.e., winds of 35 knots or greater recorded
on the Cape WINDS). Therefore, the KXMR soundings could not be separated into
threshold and non-threshold samples, since all soundings analyzed were from downburst
days. Thus, the peak threshold-level wind velocity associated with each environmental
signature was analyzed in this study, while comparing soundings between threshold and
non-threshold downburst days will be a topic for future work.
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Conversely, since individual thunderstorms were categorized as either “thresholdlevel” or “null” in this study, signatures specific to threshold-level downbursts were
selected for analysis in this study rather than their correlation with peak wind velocity,
which will also be a subject of future work. Lastly, lead times were calculated for each
radar signature in each individual downburst-producing thunderstorm that was analyzed,
but individual lead times were not calculated for the environmental signatures. This is
because of the relatively short lead times (i.e., tens of minutes) offered by the radar
signatures compared to the relatively long lead times (i.e., possibly hundreds of minutes)
offered by the environmental signatures.
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CHAPTER 3

RESULTS AND DISCUSSION – ENVIRONMENTAL SIGNATURES

3.1 Overview
This chapter provides a detailed overview of the results obtained from analyzing
environmental signatures on downburst days from the 2015 warm season at
CCAFS/KSC. A brief description of the results will be presented in this subsection,
followed by a more detailed explanation in the following subsections of the five
signatures yielding the strongest results. For each of these best-performing signatures, a
scatter plot showing the relation between the signature and peak wind velocity will be
provided. Following that, an overview of the performances of the remaining
environmental signatures will be presented. This chapter will then conclude with a
description of the caveats associated with the results and a summary of the environmental
signatures obtained from this study.
Ten environmental signatures, which are parameters 3 – 12 from the list of
variables presented in Chapter 2.2, were examined at 1000 UTC and 1500 UTC, when
possible, for each of the downburst days during the 2015 warm season at CCAFS/KSC.
Thus, a total of 20 individual environmental signatures were analyzed in this study
(10 signatures at two different times each). It should be mentioned again that 3 – 4
Threshold-2 downburst days (i.e., days when Threshold-2 winds were observed on the
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Cape WINDS) were also included in all analyses presented in this chapter, as described
in Chapter 1.1. Of the 38 downburst days from the 2015 warm season at CCAFS/KSC,
KXMR data from approximately 1000 UTC were available on all 38 days, while KXMR
data from approximately 1500 UTC were only available on 31 of the 38 days. The word
“approximately” is included in this description since the 45WS occasionally launches
soundings at “off-times” (i.e., different from the typical 0000, 1000, and 1500 UTC
launch times). In cases where this occurred, the sounding was included in the sample
nearest its launch time (e.g., a 1200 UTC sounding would be included in the 1000 UTC
sample, while a 1300 UTC sounding would be included in the 1500 UTC sample).
It should also be noted that a downburst occurred around 1905 UTC on 10 June
2015 and produced a recorded peak wind velocity of 43.2 ms-1. This was by far the
strongest downburst wind velocity observed during the 2015 warm season, and was
determined to be an outlier event since it was one of the strongest downbursts ever
recorded at CCAFS/KSC (William Roeder, 2015, personal communication). For the
correlation calculations and figures presented in this chapter, all downbursts from 10 June
2015 were excluded due to the outlier downburst that occurred on that day. However, the
10 June 2015 case was included in the radar analysis presented in Chapter 4. Thus, in
this chapter, a total of 37 downburst days were used in the 1000 UTC analyses, 30 of
which were also used in the 1500 UTC analyses.
Each of the calculated values for the 20 environmental signatures were displayed
on a scatter plot against the peak wind velocity observed during the same day (i.e.,
0000:00 UTC – 2359:59 UTC) as the sounding launch. The correlation (i.e., R-value)
between the value of each environmental signature and peak wind velocity was calculated
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within IDL as each scatter plot was generated. The trends observed in these scatter plots
were then visually examined with a focus on determining the physical implications of the
relationships observed and whether the observations matched the hypothesized results for
each signature. It should be noted that the results presented in this chapter were obtained
strictly using threshold-level downburst days. Future work will include expanding the
sample size used in this study, including the addition of non-threshold downburst days.

3.2 Environmental Signature #1 – 1000 UTC Lapse Rate from Surface to 0 °C Level
The first environmental signature presented in this thesis is the temperature lapse
rate from the surface to the 0 °C level at 1000 UTC. It was hypothesized that a steeper
temperature lapse rate would lead to production of a more intense downburst due to the
greater instability present in the atmosphere. Although 1000 UTC soundings represent
conditions very early in the morning at CCAFS/KSC and the boundary layer may evolve
considerably between 1000 UTC and the time of any downbursts that occur in the
afternoon and evening, it was thought that unstable conditions present at 1000 UTC may
translate to unstable conditions later in the morning, afternoon, and evening. Since past
studies have found correlations between early-morning conditions and downburst
intensity (e.g., Atkins and Wakimoto 1991, Wheeler and Roeder 1996), it was further
thought that environmental signatures identified in early morning soundings could be
used to predict downburst intensity at CCAFS/KSC. In particular, the temperature lapse
rate from the surface to the 0 °C level was selected since past studies (e.g., Srivastava
1987) have shown the importance of the melting of solid ice hydrometeors in the
formation and intensification of downbursts in warm humid climate regions. Since
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melting will only take place below the 0 °C level, and since studies have shown a
potential correlation between downburst intensity and melting of precipitation ice over
regions of steep temperature lapse rate (e.g., White 2015), it was surmised that the lapse
rate below the 0 °C level would be directly related to peak wind velocity produced in a
downburst that forms on that day.
A scatter plot of 1000 UTC temperature lapse rate from the surface to the 0 °C
level versus peak wind velocity can be seen in Fig. 3.1. From Fig. 3.1, it can be seen that
there was a direct relationship between the 1000 UTC temperature lapse rate from the
surface to the 0 °C level and the peak wind velocity observed on the same day during the
2015 CCAFS/KSC warm season. This matched the expected results based on past works.

Figure 3.1. Scatter plot of temperature lapse rate from the surface to the 0 °C level from the 1000 UTC
KXMR data on 37 downburst days from the 2015 warm season at CCAFS/KSC. The outlier downburst on
10 June 2015 is excluded. The correlation (R) value between peak wind velocity and lapse rate is
presented, as well as a linear equation relating peak wind velocity (y) to the temperature lapse rate (x).

However, it can also be seen in Fig. 3.1 that the direct correlation between temperature
lapse rate and peak wind velocity is relatively weak, with R = 0.316. Further examining
Fig. 3.1, it can be seen that the observed temperature lapse rates on all 37 downburst days
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were less than 5.8 K km-1, which are relatively low values. However, these lapse rates
were taken from soundings around 1000 UTC, indicating that surface heating due to
incoming shortwave radiation had not yet occurred for very long on each of the 37
downburst days. Thus, it would be expected that these lapse rates would be less than
those observed later in the day, especially since they are being analyzed near the surface.
In Fig. 3.1, it can also be seen that the 1000 UTC lapse rates from the surface to
the 0 °C level for all days in which Threshold-2 winds were observed at CCAFS/KSC
(i.e., 50 knots or roughly 25.7 ms-1) were greater than 5.0 K km-1. Thus, despite the
relatively weak correlation between lapse rate and peak wind velocity in Fig. 3.1, it
seems that cases where a 1000 UTC temperature lapse rate from the surface to the 0 °C
level is greater than 5 K km-1 may be an early indicator of the potential for Threshold-2
winds to occur at CCAFS/KSC, assuming thunderstorms develop on that day. In
addition, the 1000 UTC lapse rate in Fig. 3.1 was less than 5.0 K km-1 for 12 of the 33
downburst days analyzed during which Threshold-1 winds were observed on the Cape
WINDS but Threshold-2 winds were not. This further suggests that using a lapse rate
threshold value of 5.0 K km-1 from the surface to the 0 °C level at 1000 UTC may be
useful in distinguishing Threshold-1 downburst days from Threshold-2 downburst days.
This lapse rate threshold value may prove especially useful when combined with other
environmental and radar signatures observed on a downburst day, given its potential to
provide an early indication of Threshold-2 winds. However, the relatively small sample
of 37 total downburst days, only four of which contained Threshold-2 winds, was a
limiting factor in this analysis and will need to be expanded in future work.
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3.3 Environmental Signature #2 – 1500 UTC Max RH within 2 km below 0 °C Level
The second environmental signature identified in this study was the maximum
relative humidity (RH) value between the height of the 0 °C level and 2 km below the
height of the 0 °C level at 1500 UTC. Since past studies have noted that melting of
precipitation ice may contribute more strongly to negative buoyancy within a downburst
in warm humid climate regions than evaporation of liquid hydrometeors, it was
hypothesized that higher relative humidity values would be directly related to increased
rates of ice hydrometeor melting, as described by Srivastava (1987). This would result
from increased condensation of water vapor onto falling ice hydrometeors due to the
greater amount of water vapor present in the atmosphere. The negative buoyancy within
a downdraft would then increase as a result of the enhanced melting, thus forming a more
intense downburst (Srivastava 1987).
The decision was made to examine the peak relative humidity between the 0 °C
level (usually 4 – 5 km AGL) and a distance of 2 km below the 0 °C level since a greater
increase in downward acceleration will occur if the melting of falling ice hydrometeors
takes place over a shorter vertical distance (Atlas et al. 2004). If a higher relative
humidity was present near the 0 °C level, it was thought that a more intense downburst
would form, given that smaller ice hydrometeors tend to melt faster and contribute more
to negative buoyancy within a downburst. If the relative humidity was relatively low just
below the 0 °C level but higher nearer the surface, it is likely that smaller ice
hydrometeors would melt at least partially before reaching the height of higher relative
humidity. This would cause the melting of ice hydrometeors to be spread out over a
larger vertical distance, which would reduce negative buoyancy enhancement. Therefore,
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it was decided to examine the relative humidity values nearer the 0 °C level to identify
conditions that may be more conducive to the formation of threshold-level downbursts.
A scatter plot of maximum relative humidity over the 2 km layer directly below
the 0 °C level versus peak wind on each downburst day can be seen in Fig. 3.2. It should
be noted that only 30 of the downburst days from the 2015 warm season are present in
Fig. 3.2 because KXMR soundings were not launched around 1500 UTC on seven of the
38 downburst days, and the 10 June 2015 outlier event was removed from the sample.

Figure 3.2. Scatter plot of maximum relative humidity between the 0 °C level and 2 km below the 0 °C
level from the 1500 UTC KXMR data on 30 downburst days from the 2015 warm season at CCAFS/KSC.
The outlier downburst on 10 June 2015 is excluded. The correlation (R) value between peak wind velocity
and maximum relative humidity is presented, as well as a linear equation relating peak wind velocity (y) to
the maximum relative humidity (x).

From Fig. 3.2, it can be seen that a correlation of R = 0.382 was present for this signature,
indicating a moderately-weak positive correlation between the maximum relative
humidity within the 2 km layer directly below the 0 °C level and the peak wind velocity
on a given downburst day. This direct relationship between maximum relative humidity
and peak wind velocity matches expectations based on literature. It can also be seen that
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all 30 downburst days analyzed had a maximum relative humidity of at least 62% within
the 2 km layer below the 0 °C level, with 27 of the 30 days having a maximum relative
humidity of at least 74% in this layer. Therefore, similar to Environmental Signature #1,
despite the moderately-weak correlation between maximum relative humidity and peak
wind velocity in Fig. 3.2, using a relative humidity threshold of 62% or 74% within the
2 km layer directly below the 0 °C level at 1500 UTC may provide an indication of
threshold-level downburst potential at CCAFS/KSC on a given day.
Unlike Environmental Signature #1, the relationship seen in Fig. 3.2 is from
KXMR soundings around 1500 UTC, which would provide considerably less lead time
for most convective wind events at CCAFS/KSC than the 1000 UTC soundings.
However, the peak wind velocities observed on the 37 downburst days analyzed in this
study occurred after 1500 UTC on 35 of the 37 days. Thus, signatures identified using
the 1500 UTC KXMR soundings still have utility in convective wind nowcasting at
CCAFS/KSC. Also, unlike Fig. 3.1, there is no clear threshold value in Fig. 3.2 that can
be used to separate the Threshold-2 downbursts from a large number of Threshold-1
downbursts. Thus, maximum relative humidity within the 2 km layer below the 0 °C
level may not be very useful for distinguishing Threshold-2 downburst days from
Threshold-1 downburst days. Despite this, Environmental Signature #2 may be useful in
predicting the potential for Threshold-1 downbursts to form on a given day, especially if
combined with other environmental and/or radar signatures. Lastly, as with all other
signatures, the relatively small sample size was a limitation of these results, and will be
expanded in future work.
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3.4 Environmental Signature #3 – 1500 UTC MDPI
The third environmental signature examined in this study was the value of the
Microburst-Day Potential Index (MDPI) from Wheeler and Roeder (1996) at 1500 UTC.
As described by Wheeler and Roeder (1996), and as seen in Eq. (7) in Chapter 2.2, cases
where the difference between the minimum value of θe aloft and maximum value of θe
near the surface is greater represent environmental conditions that are conducive to the
formation of intense downbursts. Low values of θe aloft indicate the presence of dry midlevel air that may lead to enhanced evaporation of supercooled liquid hydrometeors when
entrained into the mid-levels of a thunderstorm, while high values of θe near the surface
indicate a large amount of low-level water vapor that may enhance the melting of
precipitation ice hydrometeors during their descent to the surface. Atkins and Wakimoto
(1991) and Wheeler and Roeder (1996) noted that these phenomena will enhance
negative buoyancy within a thunderstorm, leading to formation and intensification of a
downburst. Specifically, Wheeler and Roeder (1996) noted that a difference in these θe
values of at least 30 K was present on all days in which threshold-level downbursts were
recorded at CCAFS/KSC in their study. Thus, based on these physical implications of
the MDPI, it was speculated that a larger MDPI would indicate the potential for more
intense downbursts to occur at CCAFS/KSC on any given day.
A scatter plot of MDPI calculated at 1500 UTC versus peak wind can be seen in
Fig. 3.3. From Fig. 3.3, an unexpected relation between MDPI and peak wind velocity is
present. As MDPI increases, the general trend seems to be for peak wind velocity to
decrease. That is, a negative relationship exists between MDPI and peak wind velocity.
This can also be seen by the correlation of R = -0.395, which indicates a moderately-
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Figure 3.3. Scatter plot of MDPI from the 1500 UTC KXMR data on 30 downburst days from the 2015
warm season at CCAFS/KSC. The outlier downburst on 10 June 2015 is excluded. The correlation (R)
value between peak wind velocity and MDPI is presented, as well as a linear equation relating peak wind
velocity (y) to MDPI (x).

weak negative correlation between 1500 UTC MDPI and peak wind velocity. In other
words, days in which the difference between minimum θe aloft and maximum θe near the
surface was larger saw the occurrence of relatively weaker downbursts for the most part.
Furthermore, there does not seem to be a specific MDPI threshold value that may be used
to separate Threshold-2 downburst days from Threshold-1 downburst days, as MDPI on
the Threshold-2 days varied from roughly 0.62 to 1.32. Interestingly, the lowest MDPI
observed from the 30 downburst days analyzed was the 0.62 value that occurred on one
of the Threshold-2 downburst days. The highest MDPI in Fig. 3.3 is 1.44, which was
associated with a downburst day that saw a peak wind velocity of 18.0 ms-1 or 35 knots,
which is the extreme lower boundary of winds that would meet 45WS convective wind
warning Threshold-1.
Though the trend observed in Fig. 3.3 is unexpected, there are a few reasons to
explain the negative relation observed between MDPI and peak wind velocity. Firstly, it
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can be noted that MDPI was designed to be used with early-morning soundings (i.e.,
around 1000 – 1100 UTC), not with soundings around 1500 UTC. Wheeler and Roeder
(1996) did not calculate MDPI using KXMR soundings from 1500 UTC, so it might
seem that the reliability of MDPI may differ if 1500 UTC soundings are used rather than
1000 UTC soundings. However, as shown in Table 3.1 in Section 3.7, the correlation
between 1000 UTC MDPI and peak wind velocity on a given day was still negative (with
R = -0.229), which suggests that using 1500 UTC soundings rather than 1000 UTC
soundings was not the cause of the negative correlation seen in Fig. 3.3. It is interesting
to note that the correlation, while negative, was stronger between MDPI and peak wind
velocity for the 1500 UTC soundings compared to the 1000 UTC soundings. This might
be due to the fact that 1500 UTC soundings were launched closer to the times of the peak
wind velocities than the 1000 UTC soundings in most cases, and thus better represented
the environmental conditions at the time of each downburst. This suggests that MDPI
might be applicable to late-morning soundings as well as early-morning soundings.
The reason for the negative correlations observed between MDPI and peak wind
velocity in this study was more likely a result of MDPI being designed to predict a yes/no
occurrence of peak winds above 35 knots on a given day, not the exact peak wind
velocity above this threshold value. It should be noted that a majority (20 out of 30) of
the 35+ knot winds (i.e., 18+ ms-1 winds) seen in Fig. 3.3 were associated with a MDPI
value of 1.0 or greater, so the 1.0 MDPI threshold seems to predict the occurrence of
Threshold-1 downbursts to a fair degree. This POD of roughly 67% is considerably less
than the POD around 100% observed in Wheeler and Roeder (1996), but is closer to the
POD around 52% observed in Loconto (2006).
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Furthermore, perhaps most importantly, MDPI only takes environmental
conditions into account as an early indicator of intense downburst potential. It does not
account for the numerous other physical processes that occur within downburstproducing thunderstorms, which vary from storm to storm and may cause two separate
thunderstorms that occur simultaneously to produce very different peak winds in their
downdrafts. This is likely the main reason for the unexpected relation between MDPI
and peak wind in Fig. 3.3. It is also possible that environmental conditions changed (e.g.,
passage of a cold front) between the 1500 UTC sounding and the time of the downburst
on a given day, which may be a time difference of several hours. Alternatively, it is
possible that lower values of minimum θe aloft, which would result in a larger MDPI
assuming a constant maximum θe near the surface, does in fact decrease the intensity of
downbursts due to decreased hydrometeor loading, as indicated by Markowski and
Richardson (2010). However, this claim cannot be asserted with accuracy based solely
on the data in Fig. 3.3. The correlation of R = -0.395 is also moderately weak, and may
not hold true if non-threshold downburst days were included in this analysis.
Nevertheless, despite the negative correlation between MDPI and peak wind
velocity, given that 20 of the 30 Threshold-1 cases in Fig. 3.3 had a MDPI value of
approximately 1.0 or greater, and all 30 cases had a MDPI value of 0.60 or greater, using
MDPI at 1500 UTC may still provide an early indication of threshold-level downburst
potential at CCAFS/KSC. For example, identifying MDPI values greater than threshold
values of 0.60 or 1.0, depending on the desired POD, may indicate that downbursts of
35 knots or greater are possible on that day at CCAFS/KSC. This may prove especially
useful if combined with other environmental and/or radar signatures.
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3.5 Environmental Signature #4 – 1500 UTC Lapse Rate from Surface to 2 km AGL
The fourth environmental signature analyzed in this study was the temperature
lapse rate between the surface and 2 km AGL computed from 1500 UTC KXMR
soundings. As shown in past studies (e.g., Srivastava 1987, White 2015), increased
temperature lapse rates tend to correspond with formation of more intense downbursts
due to the greater instability present within the atmosphere. Thus, it was hypothesized
that greater lapse rates would correspond with more intense downbursts in this study as
well. The lowest 2 km of the atmosphere was selected for analysis of temperature lapse
rate since Srivastava (1987) noted that downbursts may be driven primarily or entirely by
physical processes that occur beneath the cloud base, and Knupp (1988) specifically
noted that negative buoyancy may be significantly enhanced by melting and evaporation
of falling hydrometeors within the lowest 2 km of the atmosphere. Therefore, it was
thought that examining conditions near the surface might give an indication of the
potential for threshold-level downbursts to occur at CCAFS/KSC on a given day.
A scatter plot of 1500 UTC temperature lapse rate from the surface to 2 km AGL
versus peak wind velocity can be seen in Fig. 3.4. From Fig. 3.4, a highly unexpected
relation between lapse rate and peak wind velocity is present. It can be seen that a
negative relationship between temperature lapse rate and peak wind velocity resulted
from using the 1500 UTC KXMR soundings. The correlation of R = -0.431 indicates a
fair negative relationship between lapse rate and peak wind. That is, in general, days in
which higher temperature lapse rates were observed between the surface and 2 km AGL
saw the occurrence of relatively lower peak wind velocities. This is the opposite of what
has been observed in past studies, and is the opposite of what was hypothesized in this
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Figure 3.4. Scatter plot of temperature lapse rate from the surface to 2 km AGL from the 1500 UTC
KXMR data on 30 downburst days from the 2015 warm season at CCAFS/KSC. The outlier downburst on
10 June 2015 is excluded. The correlation (R) value between peak wind velocity and lapse rate is
presented, as well as a linear equation relating peak wind velocity (y) to the temperature lapse rate (x).

study for this signature as well. Furthermore, as with Environmental Signatures #2 and
#3, there does not seem to be a specific lapse rate threshold value that can be used to
separate Threshold-2 downburst days from Threshold-1 downburst days. The surface to
2 km AGL temperature lapse rates varied from roughly 6.3 K km-1 to 8.4 K km-1 for the
30 days with 1500 UTC soundings that were analyzed which, as seen in Fig. 3.4, is a
range of lapse rate values that also encompasses a majority of the Threshold-1 downburst
days from the same time period.
There are a few reasons to explain the unexpected negative relationship between
lapse rate and peak wind velocity observed in Fig. 3.4. Firstly, similar to the description
for Environmental Signature #3, temperature lapse rate can only provide an indication of
the environmental conditions present on a given day; lapse rate does not take into account
the numerous other physical processes that may lead to the formation of drastically
different peak wind velocities under similar environmental conditions. Processes
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occurring within thunderstorms on days in which lapse rates were higher (e.g., greater
than 9 K km-1) in the sample used in this study may have been less conducive to the
formation of more intense downbursts than those that occurred in thunderstorms on days
in which weaker temperature lapse rates (e.g., less than 7 K km-1) were observed in this
study. This is likely the main reason why the negative correlation is present in Fig. 3.4.
Furthermore, since an exact height of 2000 m AGL is often not shown as one of
the height levels in a KXMR sounding, the height nearest 2 km AGL was used for the
lapse rate calculations for this signature. Thus, the height used as the upper boundary for
computing this signature varied between all of the KXMR soundings used in this study.
Surface heating effects may have also affected lapse rate calculations, since the lowest
height in the sounding was used as the lower boundary for the lapse rate calculations,
with the exact height also varying from sounding to sounding. Lastly, the correlation of
R = -0.431 is not very strong, so this negative correlation may not be observed if
soundings from non-threshold days were included in this analysis.
Despite this negative correlation, some potentially useful features may be
extracted from Fig. 3.4. Firstly, the 1500 UTC temperature lapse rate from the surface to
2 km AGL was greater than 6 K km-1 on 29 of the 30 downburst days used in Fig. 3.4.
This matches the results of Srivastava (1987), who showed that stronger downbursts are
typically not possible if temperature lapse rates are less than 6 K km-1, due to the stable
conditions present in the atmosphere. Furthermore, the 1500 UTC temperature lapse rate
was greater than 7.4 K km-1 for 23 of the 30 downburst days in Fig. 3.4. Thus, depending
on the desired POD for this signature, using a threshold value of 6.0 to 7.4 K km-1 may be
useful as an early indication of the potential for threshold-level downbursts to occur at
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CCAFS/KSC on a given day. This signature may also be particularly useful if combined
with other environmental and/or radar signatures.

3.6 Environmental Signature #5 – 1500 UTC Mean RH over 2 km below 0 °C Level
The fifth and final environmental signature that will be described in detail from
this study is the mean relative humidity between the 0 °C level and 2 km below the 0 °C
level at 1500 UTC. This signature is very similar to that described in Chapter 3.3 for
Environmental Signature #2. The difference between these two signatures is that
Environmental Signature #2 focuses on a single peak value of relative humidity observed
over the 2 km layer beneath the 0 °C level, while Environmental Signature #5 focuses on
the relative humidity values observed over the entire 2 km layer beneath the 0 °C level.
In other words, this signature is calculated using more relative humidity values than
Environmental Signature #2. The physical basis of this signature is the same as described
in Chapter 3.3 for Environmental Signature #2, where a higher relative humidity was
expected to correlate positively with a more intense downburst due to greater negative
buoyancy resulting from increased melting of ice hydrometeors over a shallow layer.
A scatter plot of mean relative humidity between the 0 °C level and 2 km below
the 0 °C level is presented in Fig. 3.5. From Fig. 3.5, the results of this signature match
the hypothesized results. That is, as mean relative humidity over the 2 km layer beneath
the 0 °C level increased, the peak wind velocity on a given day increased as well. This is
represented by the positive correlation of R = 0.478, which is a fair correlation between
relative humidity and peak wind velocity. This R = 0.478 value is also the strongest
correlation observed for the 20 individual environmental signatures that were analyzed in
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Figure 3.5. Scatter plot of mean relative humidity between the 0 °C level and 2 km below the 0 °C level
from the 1500 UTC KXMR data on 30 downburst days from the 2015 warm season at CCAFS/KSC. The
outlier downburst on 10 June 2015 is excluded. The correlation (R) value between peak wind velocity and
mean relative humidity is presented, as well as a linear equation relating peak wind velocity (y) to the mean
relative humidity (x).

this study. It is also worth noting that all Threshold-2 downburst days in Fig. 3.5 had a
mean relative humidity of at least 60% over the 2 km layer beneath the 0 °C level at
1500 UTC, while nine of the 27 days that only met 45WS warning Threshold-1 had a
mean relative humidity less than 60% over the 2 km layer beneath the 0 °C level at
1500 UTC. Thus, using a mean relative humidity threshold of 60% over the 2 km layer
beneath the 0 °C level may be a useful indicator of the potential for Threshold-2
downbursts to occur at CCAFS/KSC on a given day.
In addition, it is interesting to note that the correlation between mean relative
humidity over the 2 km layer beneath the 0 °C level had a correlation with peak wind
velocity of R = 0.478, while the correlation between the maximum relative humidity over
the same layer and peak wind velocity values was R = 0.382. Since both signatures are
directly related to the same physical phenomenon (i.e., precipitation ice melting over a
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shallow layer), it is interesting that the correlation with peak wind is nearly 10% greater
for mean relative humidity compared to maximum relative humidity over the layer. This
implies that analyzing multiple relative humidity values over a vertical depth may be
more important than analyzing a single relative humidity value over the same depth when
nowcasting the occurrence of intense convective winds. This makes sense physically, as
a falling ice hydrometeor will melt more efficiently if it falls through a 2 km layer where
relative humidity is high throughout the depth of the layer, as opposed to falling through
a 2 km layer where relative humidity reaches a high peak value but is otherwise relatively
low throughout the rest of the layer. Thus, considering mean relative humidity may be
more useful in nowcasting operations than only considering peak relative humidity.

3.7 Synopsis of Remaining Environmental Signatures
The five environmental signatures presented in Sections 3.2 – 3.6 had the highest
correlations with peak wind velocity of all environmental signatures analyzed in this
study, with a correlation of at least 30% for each of those signatures. Therefore, those
five signatures would arguably be the most robust for use when nowcasting convective
winds at CCAFS/KSC. However, a total of 20 environmental signatures were analyzed
in this study, 10 for 1000 UTC soundings and 10 for 1500 UTC soundings. A general
summary of the remaining 15 signatures will be briefly presented in this subsection.
Correlation values between all 20 environmental signatures analyzed and peak wind
velocities on the same downburst days at CCAFS/KSC can be seen in Table 3.1. From
Table 3.1, it can be seen that a majority of correlation values between the environmental
signatures and peak wind velocity were poor. As previously noted, the strongest
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Table 3.1. A listing of the 10 environmental signatures analyzed in this study, as listed in Chapter 2.2, and
the correlation (R) value between each signature calculated using 1000 UTC and 1500 UTC KXMR
soundings and the peak wind velocity observed on the Cape WINDS during the same day as the KXMR
sounding used in each calculation. The outlier case of 10 June 2015 is excluded from all correlation
calculations. A total of 37 downburst days were used for the 1000 UTC calculations and a total of 30
downburst days were used for the 1500 UTC calculations.

Environmental Signature

Correlation w/ Peak
Wind - 1000 UTC

Correlation w/ Peak
Wind - 1500 UTC

Min θe over 650 - 500 hPa
Mean θe over 650 - 500 hPa
Max θe over lowest 150 hPa
Mean θe over lowest 150 hPa
MDPI
LR sfc to 2 km AGL
LR sfc to 0 C level
LR 0 C level to 2 km below 0 C level
Mean RH over 2 km below 0 C level
Max RH over 2 km below 0 C level

0.181
0.096
-0.118
0.021
-0.229
0.134
0.316
0.078
0.247
0.091

0.274
0.243
-0.279
-0.073
-0.395
-0.431
-0.135
-0.004
0.478
0.382

correlation observed was 0.478 between mean relative humidity over the 2 km layer
beneath the 0 °C level at 1500 UTC and peak wind. The weakest correlation observed
was -0.004 (i.e., virtually no correlation) between temperature lapse rate over the 2 km
layer beneath the 0 °C level at 1500 UTC and peak wind. This was unexpected, as it was
hypothesized that enhanced melting over a shallow layer co-located with high
temperature lapse rates would produce a very intense downburst.
Other interesting results can be seen in Table 3.1. Firstly, the correlations
between eight of the 10 environmental signatures and peak wind were stronger for the
1500 UTC soundings compared to the 1000 UTC soundings, with the two exceptions
being the temperature lapse rate from the surface to the 0 °C level and the temperature
lapse rate over the 2 km layer beneath the 0 °C level. This makes sense though, as the
1500 UTC soundings were closer to the time of the downburst in all but two cases where
KXMR soundings were launched around both 1000 UTC and 1500 UTC on the same day
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(i.e., for 28 out of 30 downburst days during the 2015 warm season). It is also interesting
that the correlations between peak wind and the first four signatures listed in Table 3.1
(i.e., the four signatures related to θe) were relatively low, since these signatures are either
included in or physically related to the components of the MDPI. The MDPI had a
stronger correlation with peak wind at both 1000 UTC and 1500 UTC (albeit, an
unexpected negative relationship in both cases) compared to the correlations between
peak wind and the individual components of MDPI (i.e., the θe signatures). This is an
example of how combining signatures may lead to stronger correlations with peak wind
than using individual signatures alone. The negative correlations that were observed are
unexpected, but are likely the result of environmental signatures being unable to predict
the processes occurring within each induvial thunderstorm.
It is interesting to see that all temperature lapse rate signatures had positive
correlations with peak wind when calculated at 1000 UTC, but the same signatures all
had negative correlations with the same peak winds when calculated at 1500 UTC. This
may be due to increased solar heating of the Earth’s surface between 1000 UTC and
1500 UTC, which may have led to errors in the lapse rate values for the two signatures
that use the surface as the lower boundary for their computations. However, the
correlations for all temperature lapse rate signatures were poor to fair, which may not
have occurred if non-threshold downburst days were included in the sample for this
study. Lastly, it can be seen that the correlations between all relative humidity
parameters and peak wind velocity were positive, which matches the results based on the
physical implications of those signatures. It can also be seen that examining relative
humidity values over the complete depth of a layer (i.e., mean relative humidity) may
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provide stronger correlations with peak wind velocity than using a single relative
humidity value within the same layer (i.e., maximum relative humidity).

3.8 Caveats, Considerations, and Limitations of the Environmental Signatures
There are several factors that should be taken into account when interpreting the
results presented in this chapter. Firstly, the correlations presented herein were calculated
using a sample that only included dates from the 2015 CCAFS/KSC warm season where
Threshold-1 winds (i.e., 35+ knots or 18+ ms-1) were observed on the Cape WINDS.
Thus, environmental conditions on non-threshold downburst days were not included in
the analysis or results of this study. This provides a limitation to the results of all
environmental parameters in this study, as the correlations observed in Table 3.1 may
change significantly for some or all of the 20 signatures analyzed if non-threshold
downburst days were included. Including non-threshold downburst days may have also
resulted in correlations that were positive rather than negative for several of the
signatures in Table 3.1, which may have yielded results that were more consistent with
expectations based on the physical implications of some signatures (e.g., lapse rate). The
statistical significance of each parameter was also not calculated in this study, which
should be done for future work. Additionally, other environmental parameters that have
been shown in past studies to be useful in analyzing the potential for intense downbursts
to form (e.g., Convective Available Potential Energy, wind shear, etc.) were not
considered in this study, but will be a subject for future work.
Furthermore, as mentioned previously, some KXMR soundings included in this
analysis were launched at times other than the “normal” schedule of 0000, 1000, and
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1500 UTC, which may have impacted the values used in each sounding sample. The
times when peak winds were observed on each day also varied considerably, which likely
had an impact on the correlations seen in Table 3.1, as a sounding launched at a further
time away from a downburst would be less representative of the actual atmospheric
conditions at the time of the downburst. For cases where the time of the sounding and the
time of the downburst were considerably different (e.g., several hours apart), the
atmospheric conditions at the time of the downburst were likely different than those at the
time of the sounding. This may have led to errors within the values presented in
Table 3.1. However, the main point of using the 1000 UTC and 1500 UTC soundings
was to increase lead times for 45WS convective wind warnings, so analyzing
environmental signatures well in advance of each downburst was necessary.
Additionally, the peak wind velocity on one of the downburst days included in
this study occurred at 0850 UTC, and the peak wind velocity on another downburst day
included in this study occurred at 1225 UTC. As a result, two of the 1000 UTC
soundings included in this study were launched after the time of peak wind on those days,
and one of the 1500 UTC soundings included in this study was launched after the peak
wind had already occurred on that day. These two cases may have slightly impacted the
results of this study, as the environmental conditions were being analyzed after the time
of peak downburst intensity on both days. However, since the peak winds occurred after
1500 UTC on 35 of the 37 days used in this study (i.e., excluding 10 June 2015), the
impact of including these two dates was likely relatively small.
Lastly, and perhaps most importantly, the main cause of the relatively low
correlations observed for many of the signatures in Table 3.1 was likely the fact that
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environmental signatures do not take physical processes that occur within each individual
thunderstorm into account. This includes changes to environmental conditions within a
thunderstorm that result from precipitation processes (e.g., increases in relative humidity
resulting from evaporation of liquid hydrometeors). These physical processes will cause
each downburst produced by each thunderstorm to be different, even under similar
environmental conditions. Therefore, while considering environmental conditions may
be useful for an early estimate of the potential for threshold-level downbursts to occur at
CCAFS/KSC on a given day, the environmental conditions do not present a complete list
of factors that must be taken into consideration during nowcasting of convective winds.
This idea will be expanded upon in the next chapter, where radar signatures unique to
individual thunderstorms will be analyzed in an environmental context.

3.9 Summary of Environmental Signatures
This chapter presented correlations between 20 environmental signatures and the
peak wind velocities observed on the same days as each of the signatures. Five of these
signatures had correlations with peak wind velocity greater than 0.30, and were
elaborated upon in greater detail. These five best-performing signatures and their
correlations (R) with peak wind velocity were as follows:
1. Temperature lapse rate from the surface to the 0 °C level at 1000 UTC;
R = 0.316;
2. Maximum relative humidity between the 0 °C level and 2 km below the 0 °C
level at 1500 UTC; R = 0.382;
3. Microburst-Day Potential Index at 1500 UTC; R = -0.395;

73

4. Temperature lapse rate from the surface to 2 km AGL at 1500 UTC;
R = -0.431;
5. Mean relative humidity between the 0 °C level and 2 km below the 0 °C level
at 1500 UTC; R = 0.478.
The correlation between a majority of these signatures and peak wind velocity matched
the hypothesized relationships based on the physical implications of each signature.
However, the correlation values between all signatures and peak wind velocity ranged
from almost completely random values to fair values, with the strongest correlation for an
individual signature being R = 0.478. Furthermore, several signatures had a negative
correlation with peak wind velocity where a positive correlation was expected, which
may have been a result of limitations discussed for each of these signatures.
The most noteworthy signatures presented herein are the mean relative humidity
from the 0 °C level to 2 km below the 0 °C level at 1500 UTC, which had the highest
overall correlation with peak wind velocity of R = 0.478, and the temperature lapse rate
from the surface to the 0 °C level at 1000 UTC, which had the highest correlation with
peak wind velocity of all signatures analyzed at 1000 UTC of R = 0.316. These
signatures were selected at the most noteworthy since the mean relative humidity over the
2 km layer beneath the 0 °C level at 1500 UTC may be the most useful in predicting the
potential for threshold-level downbursts at CCAFS/KSC on that day, while the
temperature lapse rate from the surface to the 0 °C level at 1000 UTC may provide some
of the earliest indications of the potential for threshold-level downbursts to occur at
CCAFS/KSC on that day. These two signatures also had the greatest potential to be used
for distinguishing Threshold-2 downburst days from Threshold-1 downburst days of the
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five environmental signatures analyzed in greater detail in this chapter. Thus, analyzing
the temperature lapse rate from the surface to the 0 °C level may be the first step in
determining the potential for threshold-level downbursts at CCAFS/KSC on a given day,
while calculating the mean relative humidity over the 2 km layer beneath the 0 °C level
may be used to increase confidence of the potential for threshold-level downbursts to
occur on that day, with both signatures possibly helping to distinguish Threshold-2
downburst days from Threshold-1 downburst days.
One of the caveats of these results is the lack of non-threshold downburst days in
the samples used for these calculations, which may have impacted the correlation values.
As will be discussed in Chapter 5, expanding the samples to include non-threshold
downburst days will be an option for future work. Additionally, these results showed that
while environmental conditions are important to analyze and may provide an early
indication of the potential for threshold-level downbursts to occur at CCAFS/KSC on a
given day, they do not capture the smaller-scale physical processes that occur within each
individual thunderstorm and influence the formation and intensification of the downburst
in each storm. Therefore, it is important to analyze features within individual
thunderstorms when nowcasting convective winds at CCAFS/KSC, in addition to
analyzing environmental conditions before and during the time of the downbursts. This
concept of analyzing features within individual thunderstorms, specifically using dualpolarization radar, will be explored and expanded upon greatly in the next chapter.
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CHAPTER 4

RESULTS AND DISCUSSION – RADAR SIGNATURES

4.1 Overview
This chapter presents the results obtained from analyzing 45WS-WSR data within
the sample of 32 threshold-level downbursts and 32 null downbursts used in this study, as
well as a discussion of these results. Each of the dual-polarization radar signatures
identified are presented and discussed in detail with respect to the threshold-level and
null downbursts, with figures used to illustrate each signature. The physical implications
of these signatures will be elaborated upon. It should be mentioned again that three
Threshold-2 downbursts were included in the Threshold-1 downburst sample for all radar
analyses, as described in Chapters 1.1 and 2.3. The results of the sensitivity tests will
also be shown and discussed for each signature. This chapter will conclude with an
explanation of the caveats associated with these results, as well as an overall summary of
the radar signatures presented herein.
During the first round of visually inspecting vertical cross sections of 45WS-WSR
data (i.e., for the seven threshold-level downbursts initially examined), a total of four
dual-polarization radar signatures were identified in the thunderstorms responsible for
producing threshold-level winds. A fifth dual-polarization radar signature was also
identified during the analysis of the complete sample of 32 threshold-level downbursts.
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Therefore, a total of five dual-polarization radar signatures were identified and tested in
this study to explore their utility in reducing POFA and increasing lead times for 45WS
Threshold-1 convective wind warnings. As discussed in Chapter 2.3, POD, POFA,
statistical skill scores, and lead times were calculated for multiple threshold values for
each of the five radar signatures. A listing of the signatures and threshold values that
were tested is provided in Table 4.1. Relatively long lead times resulted from identifying
these signatures in earlier cells within multicell thunderstorms, with each signature
teleconnecting to threshold-level downbursts indirectly through gust front enhancement
in addition to their direct contributions to threshold-level winds, as will be discussed in
more detail in this chapter.
Table 4.1. A listing of the five dual-polarization radar signatures that were identified in this study, along
with the threshold values that were considered in the sensitivity test for each signature.

Dual-Polarization Radar Signature

Threshold Values Tested

Peak height of the 1 dB contour within
a Zdr column

1.0, 1.5, 2.0, 2.5, 3.0 km above 0 °C level

Peak precipitation ice signature height
[i.e., co-located values of 30+ dBZ Zh
and near-0 dB Zdr (i.e., -2 to 1 dB Zdr)]

3.0, 3.5, 4.0, 4.5, 5.0 km above 0 °C level

Peak Zh in the storm cell

45+, 50+, 55+ dBZ

Height within a DRC where Zdr
increases to 3 dB

1.5, 2.0, 2.5, 3.0 km below 0 °C level

Vertical gradient in Zdr within a DRC

2+, 3+, 4+ dB km-1

4.2 Radar Signature #1 – Peak Height of 1 dB Zdr Column
The first dual-polarization radar signature examined in this study was the peak
height above the environmental 0 °C level of the 1 dB contour within a Zdr column. A Zdr
column indicates a region where a thunderstorm’s updraft is lofting liquid hydrometeors
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above the 0 °C level, which may then freeze and subsequently melt during descent below
the 0 °C level and contribute to negative buoyancy within a thunderstorm through latent
heat absorption and hydrometeor loading (Tuttle et al. 1989, Kumjian et al. 2014).
Additional precipitation ice hydrometeors that form within the resulting mixed-phase
regions would also be available to enhance negative buoyancy through hydrometeor
loading and melting during descent below the 0 °C level (Jameson et al. 1996, Bringi et
al. 1997). All of these ice hydrometeors may also grow via riming of a large quantity of
water vapor that is also lofted by the storm’s updraft (Tuttle et al. 1989) Since the
magnitude of a thunderstorm’s updraft may be indicated by the height of a Zdr column
(Kumjian et al. 2014), it was hypothesized that a taller Zdr column will eventually lead to
production of a more intense downburst due to the greater amount of liquid hydrometeors
and water vapor being lofted above the 0 °C level, and thus the availability for a greater
amount of negative buoyancy production, especially in a warm humid climate region like
CCAFS/KSC (Srivastava 1987).
The 1 dB contour was selected for analysis in this thesis to better isolate regions
where each thunderstorm’s updraft was lofting liquid hydrometeors above the 0 °C level.
Using the peak height of a smaller Zdr value (e.g., 0.5 dB) within a Zdr column may have
corresponded to regions where freezing of lofted hydrometeors had already begun, with
Zdr values decreasing to near-0 dB within those regions (Herzegh and Jameson 1992). In
other words, using a threshold of 0.5 dB may have resulted in vertically-stretched Zdr
columns. As presented in Appendix A, using a threshold of 0.5 dB may have also led to
erroneous Zdr column heights due to 45WS-WSR system noise. Likewise, using a Zdr
value larger than 1 dB (e.g., 2 dB) was avoided since past studies (e.g., Scholten 2013)
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suggested that using a 2 dB threshold may be too restrictive in defining a Zdr column, as
small-to-moderate liquid hydrometeor sizes may produce Zdr values less than 2 dB on
radar. Thus, the 1 dB contour was selected as an optimal trade-off between Zdr values
that may be too broad and values that may be too restrictive when defining a Zdr column.
For this study, five threshold values were tested as contenders to distinguish
thunderstorms that will produce threshold-level downbursts at CCAFS/KSC from those
that will not. These five values were peak 1 dB Zdr contours at 1.0, 1.5, 2.0, 2.5, and
3.0 km above the environmental 0 °C level within a Zdr column. As previously stated, it
was hypothesized that a taller Zdr column would eventually lead to production of a more
intense downburst. However, it was also speculated that taller Zdr columns would be
more uncommon than shorter Zdr columns, due to the stronger updrafts needed to produce
taller Zdr columns. Thus, these five threshold values were selected to investigate the
trade-offs between POD, POFA, skill score, and lead time that result from using different
Zdr column threshold values during real-time nowcasting.
An example of a Zdr column within a thunderstorm’s updraft is presented in
Fig. 4.1. From Fig. 4.1, a 1 dB Zdr column can be seen extending horizontally from
approximately 14.5 – 17.5 km east of the 45WS-WSR and vertically to roughly 1.5 km
above the 0 °C level. The cell in Fig. 4.1 was in its cumulus stage, with the vertical
development of the cell represented by the 30 dBZ Zh contour increasing in height since
the previous volume scan (not shown). Furthermore, a lowering in ρhv to values as low as
0.55 – 0.65 can be seen atop the Zdr column in Fig. 4.1, which indicates the onset of
freezing of the lofted liquid hydrometeors. Past studies have referred to this feature as a
“ρhv hole” (Kumjian and Ryzhkov 2008). However, it should be noted that the low ρhv
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Figure 4.1. East-west vertical cross sections (i.e., x-z plane shown, view facing north) taken 4.5 km south
of the 45WS-WSR during the volume scan that ended at 2306 UTC on 30 June 2015. The variables shown
are radar reflectivity factor (top), differential reflectivity (middle), and correlation coefficient (bottom).
The black horizontal line marks the height of the 0 °C level and the purple line marks the height of
minimum θe, which were calculated using the KXMR data from 01 July 2015 at 0000 UTC.
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values of 0.55 – 0.65 atop the Zdr column are much lower than the value of 0.80 typically
expected as a lower ρhv threshold within meteorological targets at C-band (Kumjian and
Ryzhkov 2008). This was likely caused by 45WS-WSR data quality and increased noise
within the radar system, with a more detailed description of these phenomena presented
in Appendix A. Thus, the Zdr column present in Fig. 4.1 met the height thresholds of 1.0
and 1.5 km above the 0 °C level that were tested, but not the height thresholds of 2.0, 2.5,
and 3.0 km above the 0 °C level. It should be mentioned that the Zdr column seen in
Fig. 4.1 was the peak Zdr column height observed in this threshold-level downburstproducing thunderstorm, with Threshold-1 winds eventually being observed on the Cape
WINDS at 2327:30 UTC. Therefore, the 45WS-WSR volume scan seen in Fig. 4.1
concluded approximately 21.5 minutes before the Threshold-1 wind report, which was
also the peak lead time offered by both the 1.0 and 1.5 km Zdr column height thresholds
for this downburst. As described in Chapter 1.5, it is possible that this storm produced
Threshold-1 winds before reaching the CCAFS/KSC complex that were not recorded on
the Cape WINDS (i.e., directly produced threshold-level winds), given the physical
implications of this signature and the multiple updraft-downdraft cycles in the multicell
system. However, wind velocities could not be verified before they were recorded on the
Cape WINDS, and the lead times of interest were for the CCAFS/KSC complex.
Another example of a Zdr column viewed from the 45WS-WSR can be seen in
Fig. 4.2. Within Fig. 4.2, a Zdr column can be seen extending horizontally from 2 – 4 km
east of the 45WS-WSR and vertically to approximately 3 km above the 0 °C level. The
cell in Fig. 4.2 was part of a multicell system. The portion of the cell around 0 km east of
the 45WS-WSR in Fig. 4.2 was in its dissipating stage, which can be seen by the
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Figure 4.2. East-west vertical cross sections (i.e., x-z plane shown, view facing north) taken 36.5 km north
of the 45WS-WSR during the volume scan that ended at 1934 UTC on 20 July 2015. The variables shown
are radar reflectivity factor (top), differential reflectivity (middle), and correlation coefficient (bottom).
The black horizontal line marks the height of the 0 °C level and the purple line marks the height of
minimum θe, which were calculated using the KXMR data from 20 July 2015 at 1500 UTC.
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precipitation core of 40+ dBZ Zh descending towards the surface. The portion of the cell
around 2 – 4 km east of the 45WS-WSR was in its cumulus stage, with the updraft seen
by the increasing height of the 30 dBZ Zh contour since the previous volume scan (not
shown). Therefore, outflow from the collapsing cell near 0 km east of the radar in
Fig. 4.2 was likely inducing the new updraft around 2 – 4 km east of the radar, thus
continuing the multicell system. Furthermore, like with Fig. 4.1, a region of lowered ρhv
values around 0.55 – 0.60 can be seen near the top of the Zdr column in Fig. 4.2, which
indicates the freezing of liquid hydrometeors that had been lofted by the storm’s updraft.
The multicell system in Fig. 4.2 eventually produced a Threshold-1 downburst at
CCAFS/KSC at 2007:30 UTC, or about 33.5 minutes after the volume scan seen in
Fig. 4.2. The Zdr column in Fig. 4.2 met all five height thresholds tested in this study.
However, while Fig. 4.2 indicates the earliest time a Zdr column was present at 3.0 km
above the 0 °C level in this thunderstorm, the other four height thresholds (1.0 – 2.5 km)
were all observed at 1914 UTC in the same multicell system. Thus, the lead time offered
by the 3.0 km Zdr column height in this case was 33.5 minutes, seen in Fig. 4.2, while the
lead times offered for the other four Zdr column height thresholds was 53.5 minutes.
As will discussed in more detail later, these long lead times are the result of the
Zdr columns indicating processes that may indirectly lead to the formation of thresholdlevel winds at CCAFS/KSC in a later downburst in this multicell thunderstorm. This was
the result of the tall Zdr column seen in Fig. 4.2 (and the other Zdr column heights seen at
1914 UTC in the same system) indicating enhanced updrafts that would lead to increased
negative buoyancy in the resulting downdraft due to increased hydrometeor loading and
melting of falling precipitation ice. This may lead to enhanced updrafts in new cells,
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which could lead to downdraft enhancement in those cells, and the cycle would continue
as seen in Fig. 1.2 in Chapter 1.3. As described in Chapter 1.5, this storm may have
produced Threshold-1 winds before the time of the recorded downburst (e.g., in the
collapsing cell in Fig. 4.2), due to each Zdr column also indicating conditions that would
lead to direct production of threshold-level winds in their individual updraft-downdraft
cycle. However, no wind reports were available to verify this speculation, and the lead
times of interest in this study were specifically for the CCAFS/KSC complex. This same
speculation applies to all multicell thunderstorms that were analyzed in this study, but
this information will not be repeated in the descriptions for all figures in this chapter.
The Zdr columns presented in Figs. 4.1 and 4.2 are just two examples of the
numerous Zdr columns observed within the 32 threshold-level and 32 null downbursts
analyzed in this study. The results of the statistical analyses that were conducted using
all downbursts in this study via Eqs. 11 – 15 can be seen in Table 4.2. From Table 4.2, it
can be seen that POD and POFA both generally decreased as the height threshold of the
1 dB Zdr column increased. This is consistent with the hypotheses posed in Chapter 1.5,
where it was speculated that taller Zdr columns would be associated with more intense
downbursts, which can be seen by the decreasing “CT b” values with increasing Zdr
column height in Table 4.2. However, the stronger updrafts required to form taller Zdr
columns (e.g., 3.0 km above the 0 °C level) were observed far less commonly in this
study than the weaker updrafts required to form shorter Zdr columns (e.g., 1.0 km above
the 0 °C level). Thus, the 3.0 km height threshold in Table 4.2 has a very low POFA of
0.06, but also has a low POD of 0.50. The TSS and CSI values for the 3.0 km threshold
were also less than those seen for most of the other thresholds. This suggests that the
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Table 4.2. A table of statistical values for Radar Signature #1 calculated for each of the five 1 dB Zdr
column height thresholds tested in this study. The values of a – d within the contingency table (CT) seen in
Table 2.1 for Radar Signature #1 are presented along with the POD, POFA, TSS, CSI, and mean and
median lead times (LTs, in minutes) for each 1 dB Zdr column height threshold.

Signature #1 - Peak Height of 1 dB Contour in a Zdr Column
1.0 km
1.5 km
2.0 km
2.5 km
3.0 km
Statistical
above 0 °C
above 0 °C
above 0 °C
above 0 °C
above 0 °C
Parameter
level
level
level
level
level
CT a
CT b
CT c
CT d
POD
POFA
TSS
CSI
Mean LT
(min)
Median LT
(min)

29
18
3
14
0.91
0.38
0.34
0.58

29
12
3
20
0.91
0.29
0.53
0.66

27
7
5
25
0.84
0.21
0.63
0.69

22
2
10
30
0.69
0.08
0.63
0.65

16
1
16
31
0.50
0.06
0.47
0.49

51.8

48.1

47.3

45.8

34.8

53.5

50.5

50.5

50.5

39.5

3.0 km Zdr column threshold may not be as useful of a standalone Threshold-1 downburst
predictor at CCAFS/KSC. However, when used in combination with other signatures
(both Zdr column height thresholds and other signatures presented in this chapter), the
3.0 km height of the 1 dB Zdr column could be a powerful nowcasting parameter, since
this feature was only present in one of the 32 null downbursts analyzed in this study.
A similar trend can be seen in the rest of Table 4.2 as well. For example, the
2.5 km Zdr column height has a POD roughly 19% greater than that for the 3.0 km Zdr
column height at the cost of a POFA increase of only 2%. The skill scores are also
higher for the 2.5 km Zdr column height threshold compared to the 3.0 km threshold. At
1.0 and 1.5 km above the 0 °C level, the POD values are a relatively high 0.91 with
moderate POFA values of 0.38 and 0.29, respectively. The lead times offered by the
1.0 km threshold are slightly greater than that for the 1.5 km threshold, but skill scores
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are lower for the 1.0 km threshold. Thus, each threshold presented in Table 4.2 has its
own strengths and weaknesses. The 2.0 km height threshold may arguably be the
strongest standalone downburst prediction parameter in Table 4.2, given its relatively
high CSI and TSS values of 0.69 and 0.63, respectively, and a mean lead time of more
than 47 minutes. However, the 2.0 km threshold had a POD of 84%, which may be lower
than the POD desired by the 45WS for downburst nowcasting. Therefore, it is up to each
individual user to decide which Zdr column height they would use in a nowcasting
situation based on their desired trade-offs between POD, POFA, skill score, and lead
time. As stated previously, however, each of these Zdr column threshold values has the
potential to be used in combination with other radar and environmental signatures, which
will be discussed later as a subject of future work.
Lastly, the impact of identifying radar signatures within multicell thunderstorms
well in advance of the recorded downburst can be seen in Table 4.2, with all five
thresholds yielding a mean lead time of 34.8 – 51.8 minutes, which are all greater than
the 30 minutes of lead time desired by the 45WS for Threshold-1 downbursts. This was
the result of a large majority of storm systems analyzed in this study being multicell,
which allowed for the radar signatures to be identified many tens of minutes in advance
of the recorded threshold-level downburst in many cases. However, as described in
Chapter 1.5 and earlier in this chapter, based on the physical implications of the Zdr
columns, it is possible (and even likely) that the long-lived multicell thunderstorms (i.e.,
those with lifetimes of 30 minutes or longer) produced threshold-level winds between the
time that each signature was first observed and the time of the first recorded thresholdlevel winds on the Cape WINDS. This is due to the intense gust fronts that would have
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likely been present throughout each multicell system’s lifetime, which may have led to
enhanced updrafts and, subsequently, enhanced downdrafts in several cells before the
threshold-level downburst occurred at CCAFS/KSC. However, winds reports were not
available to verify this speculation, and the lead times of interest were for the
CCAFS/KSC complex in all cases. Thus, it seems that Zdr columns are both directly
related to threshold-level winds, based on downbursts that were recorded on the Cape
WINDS immediately after Zdr columns were observed (not shown with figures in this
section), and may also be used as an indirect indicator of threshold-level wind potential in
later cells within multicell thunderstorms given its presence in earlier cells within the
same multicell system.

4.3 Radar Signature #2 – Peak Height of Precipitation Ice Signature
The second dual-polarization radar signature identified in this study was the peak
height of co-located values of 30+ dBZ Zh and approximately 0 dB Zdr. Deierling et al.
(2008) showed that precipitation ice hydrometeors are typically associated with Zh values
of 29 – 33 dBZ or greater. Given this range of values, a Zh value of 30 dBZ was selected
as the threshold to separate precipitation ice from non-precipitation ice in this study. It
should be mentioned that the Zh correction of adding 7 dB to regions of ice to account for
the dielectric difference between solid ice and liquid water (Smith 1984) was not applied
in this study. The reason for this is that 45WS forecasters will typically have access to
the original radar data (i.e., without the 7 dB correction applied) during real-time
nowcasting. Additional studies (e.g., Herzegh and Jameson 1992) showed that lower
dielectric, more spherical shape, and tumbling all result in regions of solid ice
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hydrometeors yielding a Zdr value near 0 dB when viewed on radar. Regions of graupel
may also produce Zdr values that are slightly negative (Rinehart 2010). Therefore,
regions above the 0 °C level where Zh was 30 dBZ or greater and Zdr was near 0 dB (i.e.,
roughly -2 dB to 1 dB) were assumed to correspond to regions of precipitation ice, with
the co-location of 30+ dBZ Zh and near-0 dB Zdr being termed a “precipitation ice
signature” in this thesis.
As stated previously, precipitation ice has been shown in past studies (e.g.,
Srivastava 1987) to be immensely important to the formation of intense downbursts in
warm humid climate regions due to the enhanced melting rates and suppressed
evaporation rates of falling hydrometeors present in these regions. Srivastava (1987) also
noted the importance of hydrometeor loading in the formation of intense downbursts due
to the negative buoyancy produced by the mass of the hydrometeors. Therefore, it was
hypothesized that a greater quantity of precipitation ice in a thunderstorm at CCAFS/KSC
would result in a more intense downburst due to the enhanced negative buoyancy
resulting from the relatively large degree of hydrometeor loading and the latent heat
absorbed during the melting process as the hydrometeors descend below the 0 °C level.
Additionally, it was speculated that thunderstorms wherein the precipitation ice signature
extended higher above the 0 °C level would signify the presence of a greater amount of
precipitation ice in the storm.
In this thesis, five threshold values for the peak height of the precipitation ice
signature in thunderstorms were examined in the null and threshold-level downburst
samples to determine if the precipitation ice signature could be used to differentiate
between storms that would produce threshold-level downbursts at CCAFS/KSC from
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those that would not. The five threshold values tested were peak precipitation ice
signature heights of 3.0, 3.5, 4.0, 4.5, and 5.0 km above the environmental 0 °C level. It
was hypothesized that taller precipitation ice signatures would be observed more
commonly in storms that produced threshold-level downbursts and less commonly in
storms responsible for null downbursts. However, like with the Zdr columns in
Section 4.2, it was speculated that taller precipitation ice signatures would be less
common due to a more intense updraft being required to loft precipitation hydrometeors
higher in the thunderstorm.
An example of the precipitation ice signature in a downburst-producing
thunderstorm can be seen in Fig. 4.3. Within Fig. 4.3, the precipitation ice signature is
present from approximately 6 – 14 km north of the 45WS-WSR and extending to peak
heights around 3.5 km above the 0 °C level. This can be seen as the region within the
30 dBZ contour co-located with Zdr values around 0 dB. The cell in Fig. 4.3 was entering
its dissipating stage, which was evident from the decreasing height of the 30 dBZ contour
aloft in the storm compared to the previous volume scan (not shown). Furthermore, the
ρhv values within the precipitation ice signature in Fig. 4.3 are mostly around 0.80 – 0.90,
apparently indicating a more heterogeneous mixture of hydrometeors (Rinehart 2010).
However, as presented in Appendix A, based on the radar data quality and level of
system noise within the 45WS-WSR, these ρhv values are indicative of more uniform
hydrometeor shapes, dielectrics, fall modes, etc. when observed on the 45WS-WSR.
Thus, the precipitation ice signature was likely comprised of mostly small-to-moderate
sized ice hydrometeors (i.e., 5.3 mm diameter or less, which would be in the RayleighGans scattering regime for the 45WS-WSR). This is consistent with past literature and
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Figure 4.3. North-south vertical cross sections (i.e., y-z plane shown, view facing west) taken 25.5 km east
of the 45WS-WSR during the volume scan that ended at 1655 UTC on 16 July 2015. The variables shown
are radar reflectivity factor (top), differential reflectivity (middle), and correlation coefficient (bottom).
The black horizontal line marks the height of the 0 °C level and the purple line marks the height of
minimum θe, which were calculated using the KXMR data from 16 July 2015 at 1500 UTC.
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indicates the availability of precipitation ice to contribute to negative buoyancy through
hydrometeor loading and melting during descent below the 0 °C level. It can also be seen
in Fig. 4.3 that the precipitation ice signature in this case met the 3.0 and 3.5 km height
thresholds above the 0 °C level that were tested in this study. However, height thresholds
of 4.0, 4.5, and 5.0 km above the 0 °C level were not met in Fig. 4.3. Additionally, the
precipitation ice signature in Fig. 4.3 was at its peak height observed for this downburst,
which eventually produced recorded Threshold-1 winds at 1722:30 UTC. Therefore, the
lead time of the 3.5 km precipitation ice signature was 27.5 minutes in this case. The
lead time of the 3.0 km precipitation ice signature was 3 minutes longer in this case, as it
was first observed in the volume scan prior to the one seen in Fig. 4.3 (not shown).
A second example of the precipitation ice signature can be seen in Fig. 4.4.
Within Fig. 4.4, the precipitation ice signature extends horizontally from approximately
17.5 km west of the 45WS-WSR to regions off the left side of Fig. 4.4, and vertically to
heights of nearly 12 km above the 0 °C level in some locations. The cell in Fig. 4.4 was
part of a mesoscale convective system (MCS), with downdraft regions indicated by
DRCs (e.g., around 30 – 35 km west of the radar) and updraft regions indicated by Zdr
columns (e.g., around 27 – 30 km west of the radar). Within the precipitation ice
signature, ρhv values are mostly around 0.85 – 0.95, which indicates a region of relatively
uniform ice hydrometeors. The exception to this is the region of lowered ρhv values
around 0.60 atop the Zdr column, and the region where larger lofted hydrometeors were
falling back below the 0 °C level as indicated by Zh values of 45 – 55 dBZ and the arcshaped region of ρhv values near 0.75 – 0.80 around 26 – 33 km west of the 45WS-WSR.
It should be mentioned that the precipitation ice signature seen in Fig. 4.4 was one of the
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Figure 4.4. East-west vertical cross sections (i.e., x-z plane shown, view facing north) taken 11.5 km north
of the 45WS-WSR during the volume scan that ended at 2225 UTC on 19 June 2015. The variables shown
are radar reflectivity factor (top), differential reflectivity (middle), and correlation coefficient (bottom).
The black horizontal line marks the height of the 0 °C level and the purple line marks the height of
minimum θe, which were calculated using the KXMR data from 20 June 2015 at 0000 UTC.

92

largest observed in this study in terms of vertical extent. This extremely large region of
co-located Zh values of 30+ dBZ and Zdr values around or below 0 dB indicates the
presence of a very large quantity of precipitation ice that was available to enhance
negative buoyancy through hydrometeor loading and melting during descent back below
the 0 °C level, which likely formed and intensified the downburst in this case.
Threshold-1 winds resulting from a downburst produced by this thunderstorm were first
recorded on the Cape WINDS at 2327:30 UTC, which was 62.5 minutes after the volume
scan seen in Fig. 4.4. This was the earliest volume scan analyzed in this case, and all five
height thresholds for the precipitation ice signature were met in Fig. 4.4. Thus, the lead
times for all five thresholds was 62.5 minutes in this case, which were some of the
longest lead times observed for each of the precipitation ice signature thresholds in this
study. It can also be seen that all five height thresholds for Radar Signature #1 (i.e., the
peak height of the 1 dB Zdr column) were also present in Fig. 4.4, yielding 62.5 minutes
of lead time for all threshold values for that radar signature as well.
Figs. 4.3 and 4.4 are only two examples of the large assortment of precipitation
ice signatures observed in this study. A complete listing of the statistical results obtained
after analyzing the precipitation ice signature in all 32 threshold-level and 32 null
downbursts can be seen in Table 4.3. From Table 4.3, it can be seen that, similar to
Table 4.2, POD and POFA both generally decreased with increasing height threshold.
This was expected, as the more intense updrafts necessary to loft ice hydrometeors to
higher levels above the 0 °C level are less common than weaker updrafts that would not
loft ice hydrometeors as high above the 0 °C level. This trend can be seen by the
decreasing values in row “CT b” with increasing height threshold, which is similar to
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Table 4.3. A table of statistical values for Radar Signature #2 calculated for each of the five precipitation
ice signature height thresholds tested in this study. The values of a – d within the contingency table (CT)
seen in Table 2.1 for Radar Signature #2 are presented along with the POD, POFA, TSS, CSI, and mean
and median lead times (LTs, in minutes) for each precipitation ice signature height threshold.

Signature #2 - Peak Height of Co-located Values of 30+ dBZ Zh and 0 dB Zdr
3.0 km
3.5 km
4.0 km
4.5 km
5.0 km
Statistical
above 0 °C above 0 °C above 0 °C above 0 °C above 0 °C
Parameter
level
level
level
level
level
CT a
CT b
CT c
CT d
POD
POFA
TSS
CSI
Mean LT
(min)
Median LT
(min)

30
17
2
15
0.94
0.36
0.41
0.61

29
14
3
18
0.91
0.33
0.47
0.63

26
8
6
24
0.81
0.24
0.56
0.65

26
3
6
29
0.81
0.10
0.72
0.74

25
2
7
30
0.78
0.07
0.72
0.74

48.1

47.9

49.0

47.2

47.0

53.5

53.5

55.5

52.5

52.5

what was observed for Radar Signature #1 and what was hypothesized in Chapter 1.5.
For example, the POD and POFA for the 3.0 km height threshold in Table 4.3 are 0.94
and 0.36, respectively. This indicates that the 3.0 km height threshold yielded a relatively
high POD but at the expense of also yielding a moderately-high POFA. The TSS and
CSI values of 0.41 and 0.61, respectively, were also relatively high, as was the mean lead
time of 48.1 minutes. Thus, the 3.0 km height threshold has the potential to be a strong
standalone indicator of Threshold-1 downbursts, but the POFA values that would result
from only using this precipitation ice signature threshold value would likely be
undesirably large for 45WS forecasters.
Further examining Table 4.3, it is interesting to note that the mean lead times do
not uniformly decrease with increasing height threshold. Namely, the 3.5 km threshold
produced a mean lead time of 47.9 minutes while the 4.0 km height threshold yielded a
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mean lead time of 49.0 minutes. This is the result of cases where the peak height of the
precipitation ice signature only reached 3.5 km above the 0 °C level during the lifetime of
the thunderstorm (e.g., as in Fig. 4.3). It was frequently observed in this study that
shorter-lived thunderstorms produced shorter peak heights of both the precipitation ice
signature and the 1 dB Zdr column from Section 4.2, which indicates weaker updrafts
within the shorter-lived storms. Thus, there were some cases observed where the peak
height of the precipitation ice signature only reached 3.5 km above the 0 °C level and
provided lead times less than 30 minutes. However, longer-lived thunderstorms often
produced precipitation ice signatures that extended to greater heights above the 0 °C
level. Thus, shorter-lived thunderstorms offering lead times less than 30 minutes were
included in the mean lead time calculations for the 3.5 km height threshold but were not
present within the mean lead time calculations for the 4.0 km height threshold. This
resulted in an increase in mean lead time between the 3.5 and 4.0 km height thresholds.
A similar trend will be seen in other signatures presented later in this chapter as well.
It can also be seen in Table 4.3 that the 4.5 and 5.0 km height thresholds yielded
very high skill scores. The CSI of 0.74 and the TSS of 0.72 observed for both the 4.5 and
5.0 km thresholds were the largest CSI and TSS values observed for any threshold of any
signature in this study. Given these skill scores, as well as the slightly longer mean lead
time of 47.2 minutes and slightly higher POD of 0.81 for the 4.5 km height threshold
compared to the 5.0 km height threshold, it is arguable that the 4.5 km height threshold is
the strongest standalone predictor of threshold-level downburst potential for the
precipitation ice signature, as well as the strongest standalone predictor of threshold-level
downburst potential of all signatures and thresholds in this study based on skill scores.
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However, the POD of 0.81 may be lower than desired for operations at CCAFS/KSC.
Therefore, it is up to induvial users to decide which thresholds and/or combinations of
thresholds and signatures would best suit their needs for the applications of these results.
Lastly, as described for Radar Signature #1 and in Chapter 1.5, the results in
Table 4.3 indicate that the precipitation ice signature can be used as both a direct
indicator (for the downdraft immediately following the presence of the precipitation ice
signature – not shown with figures) and an indirect indicator (in multicell thunderstorms,
through gust front enhancement in earlier cells leading to formation of threshold-level
winds in downbursts in later cells within the same multicell system) of threshold-level
downbursts at CCAFS/KSC. This further indicates that identifying the precipitation ice
signature in earlier cells within multicell systems that are located many tens of kilometers
from CCAFS/KSC may offer increased lead times for 45WS convective wind warnings.

4.4 Radar Signature #3 – Peak Zh Value in Storm Cell
The third dual-polarization radar signature analyzed in this study was the peak
value of Zh at any height level within the downburst-producing thunderstorm. The idea
for using peak Zh as a predictor of threshold-level downburst potential at CCAFS/KSC
has been posed and tested by past studies. For example, Loconto (2006) found a
correlation of approximately R = 0.51 between the peak value of Zh in a thunderstorm
and the resulting peak wind produced by the downburst in the same thunderstorm.
However, Loconto (2006) also noted that this was a radar signature that needed to be
explored and tested further. Therefore, it was one of the first signatures selected for
analysis in this study.
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The physical implication of this signature is that larger Zh values will indicate
regions of large-sized and/or large concentrations of hydrometeors. Zh will be more
sensitive to large-sized hydrometeors compared to larger concentrations of hydrometeors
due to the D6 weighting associated with Rayleigh scattering (Rinehart 2010). It was
hypothesized that larger Zh values will indicate regions where negative buoyancy
resulting from hydrometeor loading will be enhanced. It was also hypothesized that
increased evaporation and melting of a larger concentration of hydrometeors implied by
higher Zh values may further enhance negative buoyancy. However, a caveat to this idea
is the greater sensitivity of Zh to hydrometeor diameter rather than concentration. Since
melting and evaporation rates are inversely proportional to hydrometeor size (Rogers and
Yau 1989), if a region of high Zh contains a high concentration of large-sized
hydrometeors but a low concentration of small-sized hydrometeors, the melting and/or
evaporation rates may not be enhanced. However, if a gamma PSD is assumed, an
increase in the number of large-sized hydrometeors would also correspond to an increase
in the number of small-sized hydrometeors (Pruppacher and Klett 1997), and thus higher
Zh values would indicate regions of increased melting and/or evaporation. Zdr may also
be used to analyze the sizes of hydrometeors within regions of high Zh.
To test these hypotheses, threshold values of 45, 50, and 55 dBZ for peak Zh
within a thunderstorm were analyzed to explore the utility of using peak Zh to nowcast
the occurrence of threshold-level downbursts at CCAFS/KSC. It was thought that higher
Zh values would be present more often in threshold-level downbursts compared to null
downbursts, but it was also hypothesized that the higher Zh values would be less common
overall as the magnitudes of processes responsible for forming regions of higher Zh (e.g.,
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updraft velocities, concentrations of supercooled liquid water, relative humidity, etc.)
would need to be greater for larger Zh values to form. The peak Zh values within
downburst-producing thunderstorms in this study were mainly identified using composite
reflectivity images rather than vertical cross sections, as the overall magnitude of Zh was
being analyzed rather than its height AGL or above the 0 °C level (though, the latter will
be the subject of future work, as explained further in the next chapter). However, vertical
cross sections were still taken around regions of peak Zh to better understand the physical
processes occurring within the thunderstorm.
An example of a peak Zh region can be seen in Fig. 4.5. Within Fig. 4.5, the
storm responsible for producing threshold-level winds recorded on the Cape WINDS at
2037:30 UTC can be seen centered approximately 2 km west and 24 km north of the
45WS-WSR. That is, Fig. 4.5 is an image of the 45WS-WSR volume scan that
concluded roughly 78.5 minutes before the time of the downburst in this case. The peak
Zh of 50 – 55 dBZ within the storm cell in Fig. 4.5 indicates the presence of relatively
large-sized and/or relatively large concentrations of hydrometeors, which were able to
enhance negative buoyancy through hydrometeor loading and latent heat absorption.
This storm cell eventually collapsed and the outflow at the surface induced the formation
of new storm cells, thus forming a multicell system. The multicell system slowly
propagated eastward before producing its first recorded threshold-level winds nearly
80 minutes later. Based on Fig. 4.5, the Zh threshold values of 45 and 50 dBZ that were
being tested in this study were met, while the 55 dBZ threshold was not met. It should be
mentioned that the 55 dBZ threshold was not present at any time in this downburstproducing storm between the time seen in Fig. 4.5 and the time of the downburst. Thus,
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Figure 4.5. An image of composite reflectivity taken from the 45WS-WSR volume scan that ended at 1919
UTC on 04 July 2015. The black diamond at grid point (0,0) marks the location of the 45WS-WSR, and
the black “+” signs mark the locations of the 29 Cape WINDS towers.

in this case, the lead times offered by the 45 and 50 dBZ thresholds were 78.5 minutes,
which was one of the longest lead times offered by this radar signature in this study.
While the composite reflectivity image in Fig. 4.5 provides a method through
which the peak Zh within the downburst-producing storm cell can be determined, which
is the basis of this radar signature, a full depiction of the physical processes occurring
within the thunderstorm cannot be obtained using composite reflectivity alone. To
account for this, vertical cross sections through the storm cell of interest are presented in
Fig. 4.6. From Fig. 4.6, it can be seen that the region of 50 – 55 dBZ Zh extended in an
arc-shape from roughly 2.5 km AGL at 22 – 23 km north of the radar to about 8 km AGL
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at 27 km north of the radar. The cell seen in Fig. 4.6 was in its mature phase at this time,
with a collapsing Zdr column present around 20 – 24 km north of the radar and extending
approximately 2.5 km above the 0 °C level at its highest point. The lofted liquid
hydrometeors were freezing aloft and melting during descent below the 0 °C level, which
can be seen by the region of lowered ρhv of 0.70 – 0.85 around 23 – 28 km north of the
radar in Fig. 4.6. The melting of descending ice hydrometeors can also be seen by the
increase in Zdr with decreasing height below the 0 °C level around 25 km north of the
radar. Therefore, based on Figs. 4.5 and 4.6, the lead time offered by the 45 and 50 dBZ
Zh thresholds was 78.5 minutes in this case.
Figs. 4.5 and 4.6 represent one of the 32 threshold-level downbursts analyzed in
this study. The statistical results obtained after analyzing Radar Signature #3 in all
downbursts can be found in Table 4.4. From Table 4.4, it can be seen that, like with the
previous radar signatures presented, the POD and POFA decreased with increasing Zh
magnitude threshold. Using a 45 dBZ threshold for Zh yielded a POD of 100% in this
study, but the POFA for the 45 dBZ threshold was 46%, which is very high. Conversely,
using a 55 dBZ Zh threshold provided a very low POFA of 8%, but at the cost of also
providing an extremely low POD of 38%. Using a threshold of 50 dBZ for Zh provided a
relatively high POD of 91% and a moderate POFA of 34% which, combined with TSS
and CSI values of 0.44 and 0.62, respectively, arguably make the 50 dBZ threshold the
most robust Zh threshold to use as a standalone predictor of threshold-level downbursts.
The mean lead time of 51.5 minutes for the 50 dBZ threshold was the longest lead time of
all thresholds in Table 4.4, and was 21.5 minutes longer than that desired by the 45WS
for Threshold-1 convective wind warnings.
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Figure 4.6. North-south vertical cross sections (i.e., y-z plane shown, view facing west) taken 2.0 km west
of the 45WS-WSR during the volume scan that ended at 1919 UTC on 04 July 2015. The variables shown
are radar reflectivity factor (top), differential reflectivity (middle), and correlation coefficient (bottom).
The black horizontal line marks the height of the 0 °C level and the purple line marks the height of
minimum θe, which were calculated using the KXMR data from 05 July 2015 at 0000 UTC.

101

Table 4.4. A table of statistical values for Radar Signature #3 calculated for each of the three peak radar
reflectivity factor thresholds tested in this study. The values of a – d within the contingency table (CT)
seen in Table 2.1 for Radar Signature #3 are presented along with the POD, POFA, TSS, CSI, and mean
and median lead times (LTs, in minutes) for each radar reflectivity factor threshold.

Signature #3 - Peak Zh Value in Storm Cell
45
50
55
Statistical Parameter dBZ dBZ dBZ
CT a
CT b
CT c
CT d
POD
POFA
TSS
CSI
Mean LT (min)
Median LT (min)

32
27
0
5
1.00
0.46
0.16
0.54
50.5
56.5

29
15
3
17
0.91
0.34
0.44
0.62
51.5
55.5

12
1
20
31
0.38
0.08
0.34
0.36
37.0
50.5

The fact that the 50 dBZ threshold yielded a longer mean lead time than the
45 dBZ threshold in Table 4.4 was similar to the results discussed in Chapter 4.3 for
Radar Signature #2. That is, some of the shorter-lived storms produced lower peak Zh
values compared to longer-lived storms, which reduced the mean lead time for the
45 dBZ threshold compared to the 50 dBZ threshold. This may have been the result of
weaker updrafts in shorter-lived storms, which may have been unable to produce larger
hydrometeors through collision-coalescence, riming, etc. or maintain the longevity of
multicell systems due to the weaker gust fronts that may have formed as a direct result of
the weaker updrafts.
As with the other signatures in this chapter, using the 50 dBZ Zh threshold may
provide the best trade-offs between POD, POFA, skill score, and mean lead time.
However, using the 45 dBZ threshold may be useful if a larger POD is desired by the
user, even at the cost of POFA. If a peak Zh of 55 dBZ or greater is observed in a storm,
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the results in Table 4.4 suggest that a convective wind warning could be issued with high
confidence of verification, since the POFA for the 55 dBZ threshold was only 8%. The
55 dBZ threshold could also prove to be very powerful when used with other signatures
to predict threshold-level downburst potential. Therefore, it is up to the individual user to
decide which threshold value would best suit their nowcasting needs.
Additionally, these results suggest that peak Zh is both directly physically related
to threshold-level downburst formation, given its presence immediately before thresholdlevel winds were recorded at CCAFS/KSC (not shown with figures), and indirectly
related to threshold-level downburst formation, given the implied increase in gust front
strength and, subsequently, updraft and downdraft strength in later cells in multicell
systems. This may allow for longer lead times to be offered for 45WS convective wind
warnings when peak Zh is examined in multicell thunderstorms located far away from
(but propagating towards) the CCAFS/KSC complex.

4.5 Radar Signature #4 – Height at which Zdr Increases to 3 dB within DRC
The fourth dual-polarization radar signature analyzed in this study was the height
below the 0 °C level where Zdr increases to 3 dB within a DRC. The idea for exploring
peak Zdr within the DRC of a thunderstorm and the idea for specifically examining the
3 dB Zdr threshold came about from past studies. White (2015), for example, noted that
Zdr increased to at least 3 dB within falling precipitation in all convective wind events in
his study. Meischner et al. (1991) showed that melting precipitation ice hydrometeors
will lead to an increase in Zdr, with smaller ice hydrometeors melting completely over a
shorter vertical distance below the 0 °C level and larger ice hydrometeors contributing to
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an overall larger Zdr due to the D6 weighting within Zdr associated with Rayleigh-Gans
scattering (Rinehart 2010). Atlas et al. (2004) also explained how melting of ice
hydrometeors over a shorter fall distance will lead to greater downward acceleration due
to a more concentrated latent heat absorption. Thus, it was hypothesized that an increase
in Zdr to 3 dB within a DRC over a shorter vertical distance below the 0 °C level would
indicate more rapid melting of falling ice hydrometeors and more rapid evaporation of
falling liquid hydrometeors. Based on Fig. 1.3, complete melting of smaller (e.g., 3 mm
diameter) ice hydrometeors may occur between the 0 °C level and the height of 3 dB Zdr
within a DRC. The enhanced melting rates implied by this rapid increase in Zdr would
also indicate that all ice hydrometeors would melt more efficiently under these
conditions. Therefore, an increase in Zdr to 3 dB within a DRC over a shorter vertical
distance would indicate greater downward acceleration due to latent heat absorption,
which may result in a more intense downburst.
For this study, four threshold values were tested for the height below the 0 °C
level where Zdr within a DRC increases to 3 dB: 1.5, 2.0, 2.5, and 3.0 km. It was
speculated that Zdr would increase to 3 dB within the DRC more rapidly (i.e., over shorter
fall distances) in more intense downbursts. It was also thought that Zdr increasing to 3 dB
over shorter fall distances may be less common than increases to 3 dB over longer
vertical fall distances, given the expected relation between this feature, downburst
intensity, and associated skill scores.
An example of Zdr increasing to 3 dB within a DRC is presented in Fig. 4.7.
Within Fig. 4.7, the DRC within a collapsing thunderstorm can be seen around 17.5 –
21 km north of the 45WS-WSR and roughly 3 – 8 km AGL. The height of the 30 dBZ Zh
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contour near the top of the thunderstorm and the height of the 50 – 55 dBZ reflectivity
core both decreased between the time seen in Fig. 4.7 and the next volume scan (not
shown), indicating that the thunderstorm in Fig. 4.7 was entering its dissipating stage.
Within the bottom portion of the DRC in Fig. 4.7, an interesting trend in Zdr can be seen.
Around 18 – 20 km north of the radar, a Zdr trough can be seen extending from the 0 °C
level downward to 3 km AGL. This indicates that precipitation ice hydrometeors falling
within the 45 – 50 dBZ region below the 0 °C level in Fig. 4.7 did not begin melting
immediately upon descent below the 0 °C level. Below the Zdr trough, values of Zdr
increased to 3 dB approximately 2.2 km below the 0 °C level. Since the Zdr trough is
located directly beneath the 50 – 55 dBZ region that was beginning to descend below the
0 °C level in Fig. 4.7, it is likely that larger precipitation ice hydrometeors (e.g., hail)
were falling towards the surface in this region. Since melting rate is inversely
proportional to hydrometeor size, the larger ice hydrometeors were taking longer to melt
and their larger size was dominating Zdr, thus forming the Zdr trough. Interestingly, there
was no sharp decrease in ρhv within the Zdr trough, which would be expected as smaller
ice hydrometeors begin to melt before larger ones. The region of 0.75 – 0.85 ρhv values
just to the north of the Zdr trough in Fig. 4.7 may be related to the melting of falling ice,
but is spatially offset from the Zdr trough by 1 – 2 km. Since ρhv is reflectivity-weighted
(Balakrishnan and Zrnić 1990), it is likely that the larger ice hydrometeors were
dominating Zh and therefore keeping ρhv around 0.85 – 0.90 within the Zdr trough. It is
worth noting that ρhv did decrease considerably within and below the Zdr trough in the
volume scan following the one seen in Fig. 4.7 (not shown).
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Figure 4.7. North-south vertical cross sections (i.e., y-z plane shown, view facing west) taken 12.0 km east
of the 45WS-WSR during the volume scan that ended at 1912 UTC on 09 June 2015. The variables shown
are radar reflectivity factor (top), differential reflectivity (middle), and correlation coefficient (bottom).
The black horizontal line marks the height of the 0 °C level and the purple line marks the height of
minimum θe, which were calculated using the KXMR data from 09 June 2015 at 1500 UTC.
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Just south of the Zdr trough, around 17 – 18 km north of the radar in Fig. 4.7, it
can be seen that Zdr increases to 3 dB approximately 1.2 km below the 0 °C level. This
region is right at the edge of the 45 dBZ contour within the DRC, which indicates the
presence of moderate-sized hydrometeors that were smaller than those located within the
50 – 55 dBZ region. The increase in Zdr to 3 dB over a shorter fall distance along the
southern flank of the DRC was likely due to the faster melting rate of the smaller ice
hydrometeors falling within that region. A relatively small region of lowered ρhv of 0.80
– 0.85 can be seen around this 3 dB Zdr region in Fig. 4.7 (i.e., 15 – 16 km north of the
radar and 1 km below the 0 °C level), which may indicate melting of falling ice. The
values of ρhv decreased considerably around 2 km AGL in Fig. 4.7, which may indicate
more enhanced melting of hydrometeors in that region.
The volume scan seen in Fig. 4.7 occurred 25.5 minutes before Threshold-1 winds
were first recorded on the Cape WINDS at 1937:30 UTC. Because the increase in Zdr to
3 dB around 1.2 km below the 0 °C level just south of the Zdr trough was partially
enclosed within the 45 dBZ contour of the DRC, all four height thresholds of Radar
Signature #4 were met during the volume scan seen in Fig. 4.7. The 25.5 minutes of lead
time offered by all four threshold values was the peak lead time offered in this case for
each of the thresholds for this signature.
Another example of Zdr increasing to 3 dB within a DRC can be seen in Fig. 4.8.
Within Fig. 4.8, the DRC within a thunderstorm can be seen extending from 55 – 58 km
north of the 45WS-WSR, with the peak reflectivity region of 50 – 55 dBZ located
between 2 and 6.5 km AGL. The storm in Fig. 4.8 was entering its dissipating stage,
which was evident from the decrease in the heights of the 45 – 50 dBZ and 50 – 55 dBZ
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contours at the bottom of the reflectivity core compared to the previous volume scan (not
shown). Within the DRC, it can be seen that Zdr increased to 3 dB around 1.2 km below
the 0 °C level. However, it is interesting to note that Zdr increased to 3 dB within 1.2 km
below the 0 °C level within the 45 – 50 dBZ region of the DRC around 51 km north of
the radar, while Zdr did not increase to 3 dB until nearly 3 km below the 0 °C level
beneath the 50 – 55 dBZ contour around 57 km north of the radar. This was likely the
result of the larger ice hydrometeors falling within the 50 – 55 dBZ contour taking a
longer time to melt compared to the slightly smaller ice hydrometeors present within the
45 – 50 dBZ contour, similar to what was observed in Fig. 4.7.
Slightly lowered ρhv values of 0.80 – 0.85 can be seen just above the 3 dB Zdr
contour at 56 km north of the radar in Fig. 4.8, though it is interesting that ρhv increases to
0.85 – 0.90 at and below the 3 dB contour in this location. This, as with Fig. 4.7, might
have been the result of the falling ice hydrometeors dominating Zh at and just below the
height of the 3 dB contour in Fig. 4.8, resulting in the relatively high ρhv values
(Balakrishnan and Zrnić 1990). However, a significant reduction in ρhv to values as low
as 0.55 – 0.60 can be found within the 50 – 55 dBZ contour. This indicates a significant
degree of mixed-phase precipitation with the ice and liquid hydrometeors contributing
more equally to Zh (i.e., similar-sized ice and liquid hydrometeors). This suggests the
presence of precipitation ice melting within the DRC. In this case, since Zdr increased to
3 dB roughly 1.2 km below the 0 °C level within the 45 – 50 dBZ contour of the DRC, all
four threshold values for Radar Signature #4 were met in Fig. 4.8.
The volume scan shown in Fig. 4.8 occurred 72.5 minutes before Threshold-2
winds were recorded on the Cape WINDS, and was part of a multicell system. It should
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Figure 4.8. North-south vertical cross sections (i.e., y-z plane shown, view facing west) taken 10.0 km
west of the 45WS-WSR during the volume scan that ended at 2025 UTC on 21 May 2015. The variables
shown are radar reflectivity factor (top), differential reflectivity (middle), and correlation coefficient
(bottom). The black horizontal line marks the height of the 0 °C level and the purple line marks the height
of minimum θe, which were calculated using the KXMR data from 22 May 2015 at 0000 UTC.
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be noted that this was one of three Threshold-2 downbursts included in the thresholdlevel downburst sample for this thesis (which also met Threshold-1 by definition). Thus,
72.5 minutes of lead time was offered for all four thresholds of Radar Signature #4 in this
case, which was one of the longest lead times offered for each Radar Signature #4
threshold in this thesis. The 72.5 minutes of lead time would also meet the 60 minutes of
lead time desired by the 45WS for warning Threshold-2 in this case. This lead time,
along with that seen in Fig. 4.7, further shows the potential in analyzing radar signatures
within collapsing thunderstorms earlier in multicell systems to predict downburst
intensity resulting from later convective cells in the same multicell system. This allows
for radar signatures that have been observed much closer to the time of a downburst (i.e.,
during storm collapse) in past literature to offer much longer lead times in some cases.
The signatures seen in Figs. 4.7 and 4.8 are just two examples of Zdr increasing to
3 dB within a DRC. A complete listing of the statistical results of Radar Signature #4
from this study can be found in Table 4.5. From Table 4.5, it can be seen that POD and
POFA both generally increased as the height below the 0 °C level where Zdr reached 3 dB
within a DRC also increased. This is the opposite of the trends observed in Tables 4.1 –
4.3, where POD and POFA both decreased with increasing distance of the signature from
the 0 °C level. However, given the physical implications of this signature, it was thought
that Zdr would increase to 3 dB over larger fall distances more often than shorter ones,
which would yield lower POD values for smaller distances below the 0 °C level. This
seems to match the results in Table 4.5, with a POD of 91% for the 1.5 and 2.0 km height
thresholds and a POD of 100% for the 2.5 and 3.0 km thresholds. The POFA values were
relatively high for all thresholds, ranging from 38% to 45%. This yielded TSS values
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Table 4.5. A table of statistical values for Radar Signature #4 calculated for each of the four height
thresholds of Zdr increasing to 3 dB within a DRC that were tested in this study. The values of a – d within
the contingency table (CT) seen in Table 2.1 for Radar Signature #4 are presented along with the POD,
POFA, TSS, CSI, and mean and median lead times (LTs, in minutes) for each 3 dB Zdr height threshold.

Signature #4 - Height where Zdr within DRC Increases to 3 dB
Statistical
1.5 km below 2.0 km below 2.5 km below 3.0 km below
Parameter
0 °C level
0 °C level
0 °C level
0 °C level
CT a
CT b
CT c
CT d
POD
POFA
TSS
CSI
Mean LT
(min)
Median LT
(min)

29
18
3
14
0.91
0.38
0.34
0.58

29
20
3
12
0.91
0.41
0.28
0.56

32
21
0
11
1.00
0.40
0.34
0.60

32
26
0
6
1.00
0.45
0.19
0.55

45.5

48.8

46.2

46.5

45.5

49.5

49.5

51.5

that were much lower than those seen in Radar Signatures #1 – 3. However, CSI values
were fair in Table 4.5, ranging from 0.55 – 0.60 for all four thresholds.
The lead times offered by all thresholds for this signature were similar to those
seen in the other radar signatures, which resulted from analyzing the Zdr increase to 3 dB
within the DRC of cells earlier in multicell storms that ultimately produced thresholdlevel winds at CCAFS/KSC. However, as with the three radar signatures presented
previously, it is likely that that many of the long-lived multicell thunderstorms produced
threshold-level winds before reaching CCAFS/KSC. However, since these winds would
have occurred outside the range of the Cape WINDS, they were not recorded or used in
this study. In addition, these winds would have been outside the CCAFS/KSC complex
(i.e., outside of the warning domain for the 45WS), and the lead times for this study were
strictly focused on the CCAFS/KSC complex. Based on all of these results, the increase
in Zdr to 3 dB within a DRC is directly related to threshold-level downburst formation
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when observed during storm collapse immediately before threshold-level winds are
recorded (not shown with figures), and is indirectly related to formation of thresholdlevel downbursts later in multicell thunderstorms through production of more intense gust
fronts, which may lead to more intense updrafts in new developing cells that will
ultimately produce intense downbursts later in the same multicell system.
The general increase in lead time resulting from an increase in Zdr to 3 dB over
longer fall distances below the 0 °C level was interesting. It is speculated that cases
where Zdr increased to 3 dB over a relatively long fall distance in one volume scan before
increasing to 3 dB over a shorter fall distance in the next volume scan may have indicated
vertical size sorting (Kumjian and Ryzhkov 2012). Since larger ice hydrometeors fall at
a faster terminal velocity than smaller ice hydrometeors, they would descend and begin
melting below the 0 °C level before the smaller ice hydrometeors. However, since
melting rate is inversely proportional to hydrometeor size, the growth to a Zdr value of
3 dB would take longer for the larger ice hydrometeors. Once the smaller ice
hydrometeors descended below the 0 °C level and began to melt, Zdr would reach 3 dB at
a height nearer that of the 0 °C level due to the increased melt rate of the smaller ice
hydrometeors. Differences in PSD may have also caused some of the height differences
in Radar Signature #4 that were observed in the same multicell system in some cases.
Overall, using the 1.5 km threshold provided the lowest POD of 91% (tied with
the 2.0 km threshold POD) but also provided the lowest POFA of 38%. The TSS for the
1.5 km threshold was a relatively low 0.34, but the CSI was a moderate 0.58. However,
using the 2.5 km threshold lead to an increase in POD of 9% compared to the 1.5 km
threshold at the cost of a 2% increase in POFA. The CSI was 0.60 for the 2.5 km
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threshold, which is the highest CSI in Table 4.5, and the TSS of 0.34 for the 2.5 km
threshold was tied for the highest TSS in Table 4.5. The mean lead time of 46.2 minutes
offered by the 2.5 km threshold also met the desired lead time of 30 minutes for 45WS
Threshold-1 warnings. It should also be mentioned that the 2.0 km threshold in Table 4.5
yielded a longer mean lead time than the 2.5 km threshold due to lead times below
20 minutes being observed in the three cases that met the 2.5 km height threshold but not
the 2.0 km threshold. This resulted in a lower mean lead time for the 2.5 km threshold
compared to the 2.0 km threshold.
Thus, based on these statistics, identifying increases in Zdr to 3 dB over 2.5 km or
so below the 0 °C level is arguably the strongest standalone predictor of threshold-level
downbursts at CCAFS/KSC for Radar Signature #4. It is worth noting that the POFA of
40% for the 2.5 km threshold in Table 4.5 was also the lowest POFA associated with any
signature in this study that also yielded a POD of 100%. Thus, if an individual user is
primarily concerned with maximizing POD, using the 2.5 km threshold from Table 4.5 is
the strongest standalone indicator of downburst potential in this study. However, the
POFA of 40% is still relatively high, so it would be recommended to combine the 2.5 km
threshold with other signatures and thresholds from this study to predict threshold-level
downbursts with more skill. Ultimately, the optimal trade-off between POD, POFA, skill
score and lead time will be up to each individual user.

4.6 Radar Signature #5 – Vertical Zdr Gradient within DRC
The fifth and final dual-polarization radar signature identified in this study was
the vertical gradient in Zdr around the 1 dB Zdr contour within a DRC. As previously
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described, dry solid ice hydrometeors have an intrinsic Zdr of approximately 0 dB due to
their low dielectric, spherical shape, and tumbling during descent towards the surface. As
precipitation ice melts, as seen in previous signatures within this chapter, Zdr will increase
to more positive values. Meischner et al. (1991) showed that Zdr will increase rapidly as
precipitation ice hydrometeors of all sizes begin to melt, with smaller ice hydrometeors
melting faster but larger ice hydrometeors dominating Zdr due to the D6 Rayleigh
scattering weighting. Atlas et al. (2004) showed that precipitation ice that melts over a
shallower depth will lead to a greater increase in downward acceleration resulting from
the more concentrated latent heat absorption over a shallower layer.
The physical basis of this signature is that a greater increase in Zdr over a shallow
layer will imply more concentrated ice hydrometeor melting over the shallow layer,
which will lead to greater enhancement of negative buoyancy and increased downward
acceleration within the downburst. Based on Fig. 1.3 in Chapter 1.4, it can be seen that
smaller ice hydrometeors will melt more quickly over a shorter fall distance compared to
larger ice hydrometeors, while larger ice hydrometeors will lead to higher Zdr values as
they melt. Therefore, regions where Zdr increases to more positive values (e.g., greater
than 3 – 4 dB) may indicate complete melting of smaller ice hydrometeors and at least
partial melting of larger ice hydrometeors. Srivastava (1987) showed that melting of
smaller ice hydrometeors may contribute more strongly to negative buoyancy within a
downburst than melting of larger ice hydrometeors. This is due to the total surface area
of smaller ice hydrometeors being greater than that of larger ice hydrometeors, due to
their larger concentrations, and the tendency for smaller ice hydrometeors to melt
completely over a shorter fall distance. Both of these factors can lead to greater latent
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heat absorption. Furthermore, increases in Zdr may also be caused by preferential
evaporation of smaller liquid hydrometeors. Since Zdr provides a measure of the mean
diameter within a PSD (Jameson 1983), complete evaporation of falling liquid
hydrometeors will remove the smallest drops from the PSD, which will lead to an
increase in mean particle diameter and Zdr. While melting rates are enhanced and
evaporation rates are suppressed under warm humid conditions (Srivastava 1987),
evaporation will still take place within a DRC, which will further contribute to negative
buoyancy within a collapsing thunderstorm and enhance the downburst.
Three Zdr gradient threshold values within ±500 meters of the 1 dB contour within
a DRC were selected for analysis in this study: >2, >3, and >4 dB km-1. The greater-than
signs are included in these thresholds since Zdr contours every 1 dB were used in this
analysis. Since contours represent a boundary between certain values, an exact
quantitative value may not be easily obtained through visual analysis of a contour map.
However, a semi-quantitative estimate of the values around a contour can be obtained
from visual analysis, so the greater-than sign is included in the thresholds selected for this
radar signature. The gradient around the 1 dB contour specifically was selected to ensure
that melting of ice hydrometeors was occurring. Using the 0 dB contour may not have
accurately represented the melting of precipitation ice, while using the 2 dB contour
would have been too restrictive given that Zdr may not increase above 2 dB for ice
hydrometeors of 3 mm diameter or less that completely melt, as seen in Fig. 1.3. The
vertical distance of ±500 meters was selected to take into account possible melting of
graupel particles that may form regions of negative Zdr above the 1 dB contour before
melting begins. Furthermore, it was hypothesized that greater Zdr gradients would be
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observed less often than lower Zdr gradients due to the considerable amount of melting
and/or evaporation that is required to form a large Zdr gradient.
An example of the vertical gradient in Zdr over ±500 meters of the 1 dB Zdr
contour within a DRC can be seen in Fig. 4.9. From Fig. 4.9, a DRC with a peak Zh of 50
– 55 dBZ can be seen around 21 – 24 km east of the 45WS-WSR and extending from just
above the 0 °C level down to roughly 2.5 km AGL. The storm seen in Fig. 4.9 was in its
dissipating stage, which could be determined from the decrease in the height of the 50 –
55 dBZ reflectivity core since the time of the previous volume scan (not shown). Colocated with the DRC in Fig. 4.9, the vertical gradient of interest in Zdr can be seen. The
1 dB Zdr contour within the DRC is located approximately 4 km AGL within the DRC.
Thus, Radar Signature #5 would be the change in Zdr from 4500 m AGL to 3500 m AGL
in this case. From Fig. 4.9, it can be seen that the 0 dB and 2 dB Zdr contours are
contained within this 1 km vertical distance. Thus, the vertical Zdr gradient is greater
than 2 dB km-1 in Fig. 4.9. This implies that the melting of ice hydrometeors within the
DRC was occurring relatively slowly at this time, since rapid melting of ice hydrometeors
would lead to a greater increase in Zdr over a shorter vertical distance.
The melting of falling ice hydrometeors is indicated by the region of decreased
ρhv values within and around the vertical Zdr gradient in Fig. 4.9, with ρhv values of 0.80 –
0.85 present near the location of the Zdr gradient, indicating the onset of smaller ice
hydrometeor melting. In the lower portion of the DRC in Fig. 4.9, ρhv values as low as
0.70 – 0.75 can be seen, indicating a greater degree of hydrometeor melting and a
heterogeneous mixture of precipitation shapes, compositions, fall modes, etc. in the lower
portion of the DRC. A delay in the onset of ice hydrometeor melting is implied by the
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Figure 4.9. East-west vertical cross sections (i.e., x-z plane shown, view facing north) taken 1.0 km north
of the 45WS-WSR during the volume scan that ended at 2125 UTC on 19 July 2015. The variables shown
are radar reflectivity factor (top), differential reflectivity (middle), and correlation coefficient (bottom).
The black horizontal line marks the height of the 0 °C level and the purple line marks the height of
minimum θe, which were calculated using the KXMR data from 20 July 2015 at 0000 UTC.
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0 dB Zdr contour extending roughly 500 m below the 0 °C level within the DRC in
Fig. 4.9. Thus, the vertical Zdr gradient in this case implies that a moderate degree of
cooling within the DRC was occurring due to these phase changes.
The volume scan seen in Fig. 4.9 occurred 27.5 minutes before Threshold-1 winds
were recorded on the Cape WINDS at 2152:30 UTC. Since the vertical gradient in Zdr
around the 1 dB contour within the DRC in Fig. 4.9 was just greater than 2 dB km-1, the
threshold of >2 dB km-1 was met in Fig. 4.9. This was also the peak Zdr gradient
observed within the downburst-producing thunderstorm in this case. Thus, the threshold
of >2 dB km-1 provided 27.5 minutes of lead time in this case, while the thresholds of >3
and >4 dB km-1 were not observed in this case. The lead time of 27.5 minutes also
further shows the potential of identifying dual-polarization signatures within dissipating
cells earlier in multicell thunderstorms to increase convective wind warning lead times.
If this Zdr gradient had been first identified in the collapsing storm around the time of the
recorded downburst, the lead time would likely have been less than 10 minutes, based on
past literature (e.g., Tuttle et al. 1989). However, since the collapsing cell in Fig. 4.9
continued the multicell thunderstorm in this case through convection initiation along the
gust front, a lead time of 27.5 minutes was able to be obtained from this signature.
Another example of the vertical Zdr gradient around the 1 dB Zdr contour within a
DRC can be seen in Fig. 4.10. Within Fig. 4.10, one of the most visually impressive
examples of the vertical Zdr gradient observed within a DRC in this study can be seen.
The 50 – 55 dBZ contour within the DRC can be seen extending mainly from 18 – 23 km
west of the 45WS-WSR and from 1 – 9 km AGL. Within this 50 – 55 dBZ contour, there
are pockets of higher Zh present, with two separate areas enclosed within the 55 – 60 dBZ
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contour and one pocket of 60 – 65 dBZ, which was one of the highest Zh values observed
within a downburst-producing thunderstorm in this study. The very high Zh values within
the DRC in Fig. 4.10 indicate the presence of very large hydrometeors and an extremely
large concentration of hydrometeors. Since the reflectivity core of 60 – 65 dBZ was
located above the 0 °C level and co-located with Zdr values around -2 – 0 dB, it is likely
that large hailstones and/or graupel particles were present within this peak Zh region. The
storm in this case was a MCS, where a dissipating updraft can be seen by a decaying Zdr
column around 24 km west of the 45WS-WSR in Fig. 4.10 and the downdraft can be seen
by the DRC described above.
The vertical Zdr gradient within the DRC can be seen approximately 19 – 20 km
west of the radar in Fig. 4.10 at a height of roughly 2 km AGL. Thus, the Zdr gradient
between 2500 m and 1500 m AGL within the DRC will constitute Radar Signature #5 in
this case. It can be seen in Fig. 4.10 that a very sharp vertical Zdr gradient was present
within this region of interest, with Zdr contours from -2 to 4 dB present within ±500 m of
the 1 dB contour. This indicates that the vertical Zdr gradient in this case would be
greater than 6 dB km-1, which was one of the largest vertical Zdr gradients observed in
this study. However, it is likely that noise within the 45WS-WSR partially contributed to
this large Zdr gradient, though the actual Zdr gradient within this region is likely greater
than 4 dB km-1. This large of a Zdr gradient implies extreme amounts of ice hydrometeor
melting, possibly mixed with a large degree of liquid hydrometeor evaporation over this
region. The negative Zdr values may be associated with graupel particles with a delay in
the onset of their melting, as indicated by the Zdr trough around 20 km west of the radar
in Fig. 4.10, though system noise may have contributed to the negative Zdr values as well.
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Figure 4.10. East-west vertical cross sections (i.e., x-z plane shown, view facing north) taken 29.0 km
north of the 45WS-WSR during the volume scan that ended at 2204 UTC on 20 May 2015. The variables
shown are radar reflectivity factor (top), differential reflectivity (middle), and correlation coefficient
(bottom). The black horizontal line marks the height of the 0 °C level and the purple line marks the height
of minimum θe, which were calculated using the KXMR data from 21 May 2015 at 0000 UTC.
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The large positive Zdr values around 4 dB below the Zdr trough indicate that larger ice
hydrometeors were melting and developing water tori, which dominated Zdr. These large
Zdr values of 4 dB were also likely due to evaporation of smaller liquid hydrometeors
below the Zdr trough, which would increase the mean drop diameter of the PSD within
the DRC. The intense amount of melting of the falling hydrometeors can also be seen by
the very low ρhv values of 0.55 – 0.80 within the DRC, indicating a very heterogeneous
mixture of hydrometeor shapes, sizes, compositions, etc.
The volume scan seen in Fig. 4.10 took place 48.5 minutes before Threshold-1
winds were first recorded at CCAFS/KSC at 2252:30 UTC. Since the vertical Zdr
gradient seemed to be greater than 6 dB km-1 in this case, all four thresholds for Radar
Signature #5 were met in Fig. 4.10. This was the maximum lead time provided for the
>4 dB km-1 threshold in this case, while the >2 and >3 dB km-1 thresholds were first
observed within the MCS at an earlier time of 2153 UTC. Thus, the peak lead time
offered by the >4 dB km-1 threshold was 48.5 minutes and the peak lead time offered by
the >2 and >3 dB km-1 thresholds was 59.5 minutes in this case. Since this thunderstorm
was a long-lived MCS, these lead times further show the potential in identifying radar
signatures within downdrafts observed earlier in long-lived systems to predict the
potential for threshold-level winds to occur at CCAFS/KSC in the near future.
The examples shown in Figs. 4.9 and 4.10 are only two of the many vertical Zdr
gradients observed in this study. A complete listing of the statistical results of Radar
Signature #5 can be seen in Table 4.6. From Table 4.6, a general trend similar to the
other signatures described in this chapter can be seen. As the vertical gradient in Zdr
increases, the POD and POFA values both decrease. This matches the expected results,
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Table 4.6. A table of statistical values for Radar Signature #5 calculated for each of the three vertical Zdr
gradient thresholds around the 1 dB contour within a DRC that were tested in this study. The values of a –
d within the contingency table (CT) seen in Table 2.1 for Radar Signature #5 are presented along with the
POD, POFA, TSS, CSI, and mean and median lead times (LTs, in minutes) for each Zdr gradient threshold.

Signature #5 – Vertical Zdr Gradient over +/- 500
meter Height of 1 dB Contour in DRC
Statistical
>2
>3
>4
Parameter
dB/km
dB/km
dB/km
CT a
CT b
CT c
CT d
POD
POFA
TSS
CSI
Mean LT (min)
Median LT (min)

32
24
0
8
1.00
0.43
0.25
0.57
44.5
50.5

27
12
5
20
0.84
0.31
0.47
0.61
46.5
51.5

22
5
10
27
0.69
0.19
0.53
0.60
37.5
47.5

as the environmental conditions and PSDs necessary to produce larger vertical gradients
in Zdr would likely be less common than those necessary to produce smaller Zdr gradients.
It is noteworthy that the >2 dB km-1 threshold in Table 4.6 yielded a POD of 100% in this
study. However, the POFA of 43% for the >2 dB km-1 threshold was also very high. The
TSS of only 0.25 was relatively poor for the >2 dB km-1 threshold as well. Conversely,
the >4 dB km-1 threshold saw a POFA of only 19%, but the POD was a relatively low
value of 69%. The TSS and CSI for the >4 dB km-1 threshold were both fairly good at
0.53 and 0.60, respectively, while the mean lead times for the >2 and >4 dB km-1
thresholds both met the lead times desired by the 45WS for Threshold-1 warnings.
On the other hand, the vertical Zdr gradient threshold of >3 dB km-1 in Table 4.6
may arguably represent the best trade-off between POD, POFA, skill score, and lead time
of the three Zdr gradient thresholds. The POD was a fairly high 84%, the POFA was a
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moderate 31%, and the TSS and CSI values were moderate to fairly good values of 0.47
and 0.61, respectively. The mean lead time of 46.5 minutes offered by the >3 dB km-1
threshold was also the longest for the three Zdr gradients in Table 4.6. This was due to
the >2 dB km-1 being observed as the peak Zdr gradient in some shorter-lived storms in
this study, and the >4 dB km-1 threshold being observed closer to the time of the
downburst than the >3 dB km-1 threshold in some cases. Thus, the >3 dB km-1 threshold
may be the strongest standalone indicator of downburst potential in Table 4.6. However,
the other thresholds may be useful when combined with other radar signatures, especially
the >2 dB km-1 threshold with its POD of 100%. It is up to the individual user to decide
which threshold provides the optimal trade-off between POD, POFA, skill score, and lead
time for their application of these results.
Additionally, as with all of the other radar signatures in this study, the vertical Zdr
gradient within a DRC seems to be related both directly and indirectly to threshold-level
downbursts at CCAFS/KSC. The direct relationship came from observing the Zdr
gradients immediately before threshold-level winds were recorded on the Cape WINDS
(not shown with figures), while the indirect relationship was observed in multicell
thunderstorms when the Zdr gradient in earlier cells indicated an enhanced gust front and,
subsequently, an enhanced updraft and downdraft in later cells, eventually leading to the
production of threshold-level winds that were recorded on the Cape WINDS. In cases
where the Zdr gradient could be identified several tens of minutes before the recorded
threshold-level winds, it is likely that the multicell thunderstorm produced threshold-level
winds within downdrafts that occurred between the time when the signature was first
identified and the time of the recorded downburst in a later cell. However, no wind

123

reports were used to verify this information, and the lead times of interest were for the
CCAFS/KSC complex in any case.

4.7 Caveats, Considerations, and Limitations of the Radar Signatures
This subsection will present some of the considerations that should be taken into
account when interpreting the statistical results of the radar signatures identified in this
study, as well as some caveats and limitations of the analyses used herein. Firstly, the
relatively long mean lead times of 34.8 – 51.8 minutes observed for all thresholds and all
signatures presented in this chapter resulted from a large number of multicell
thunderstorms that were included in the threshold-level downburst sample for this study.
This allowed the signatures to be observed well in advance of the first recorded
threshold-level winds at CCAFS/KSC. A major caveat with this technique is that lead
times may be increased for a specific location, but lead times for the thunderstorm as a
whole may not be increased. In other words, the first updraft-downdraft cycle within a
multicell thunderstorm may produce threshold-level winds, and the radar signatures
within would only offer a few tens of minutes of lead time or less, as shown in past
studies. Thus, locations within a few kilometers of the collapsing thunderstorm would
not receive the long lead times suggested in this thesis. However, if new cells develop
along the gust front and the multicell system continues, locations within the storm’s path
will receive increasingly longer lead times based on the radar signatures present in earlier
cells. Thus, the lead times offered in this thesis are for a location, and under the presence
of longer-lived multicell thunderstorms that are observable many tens of minutes before
the recorded downburst and many tens of kilometers away from the forecast region.
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However, this is directly applicable to the goals of this study (i.e., improving
45WS convective wind warnings). Since the 45WS issues warnings for the CCAFS/KSC
complex, they have the option to analyze radar signatures in thunderstorms propagating
towards CCAFS/KSC many tens of minutes before the storms reach the complex. Since
they are forecasting for a relatively small region, the long lead times offered by analyzing
earlier cells in multicell systems can translate to increased lead times for their convective
wind warnings. In other words, although threshold-level downbursts may occur within
the multicell system before reaching the CCAFS/KSC complex, the 45WS is concerned
with forecasting conditions on the CCAFS/KSC complex, and therefore longer lead times
may be obtained from analyzing these long-lived thunderstorms. It should also be noted
that the lead times were impacted by the amount of time each downburst-producing
thunderstorm was tracked back before the time of the downburst (i.e., approximately
50 minutes before Threshold-1 downbursts and 80 minutes before Threshold-2
downbursts), since thunderstorms with a lifetime longer than these values were often not
tacked back to the time of their formation. This is a limitation of the lead times provided
in this study. The tracking methodology could therefore be improved for future work.
While a good majority of the thunderstorms observed in this study were multicell,
many were much shorter-lived single cell thunderstorms that yielded much shorter lead
times for the signatures, with several signatures not being observed in some cases in this
study. Therefore, great care must be taken when observing single cell thunderstorms
during downburst nowcasting, as the lead times offered by the radar signatures for these
storms may be considerably less than the mean lead times listed in Tables 4.1 – 4.5. As
discussed earlier, the shorter lead times offered for single cell thunderstorms indicates the
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direct physical relationship between each radar signature and threshold-level downbursts,
while the longer lead times offered for multicell thunderstorms indicates the indirect
relationship between each radar signature and threshold-level downbursts through
enhancements in gust front strength and subsequent convection. Additionally, the
multicell cases observed in this study were maintained long enough to produce thresholdlevel winds at CCAFS/KSC. Not all multicell storms propagating towards CCAFS/KSC
will last long enough to produce threshold-level winds on the Cape WINDS, so care must
be taken to determine if the multicell system is propagating towards CCAFS/KSC and if
it will be maintained long enough to produce threshold-level winds there. Depending on
the propagation velocity of the system, it is likely that multicell thunderstorms that
develop closer to the CCAFS/KSC complex will yield lower lead times for 45WS
convective wind warnings. However, most of the multicell storms that were analyzed in
this study (and selected semi-randomly – see next paragraph) developed relatively far in
advance of the recorded threshold-level winds. Because of this, expanding the thresholdlevel downburst sample to include more multicell thunderstorms that developed closer to
the CCAFS/KSC complex will be a subject of future work.
Furthermore, it must be stressed that the storms included in the threshold-level
downburst sample in this thesis were not “cherry-picked”. That is, dates were selected
semi-randomly from the 38 downburst days available from the 2015 warm season, with a
total of 27 days used in the threshold-level sample. The term “semi-randomly” is used
since three downburst days were specifically selected for inclusion in this sample to
begin examining signatures in Threshold-2 downbursts for eventual future work.
Additionally, four dates with multicell thunderstorms were specifically selected during
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the initial analysis of seven downbursts to ensure that some multicell thunderstorms were
included in this study. Some cases were discarded from the threshold-level sample due to
the multicell systems spending many tens of minutes located over the 45WS-WSR’s cone
of silence, making it difficult to analyze them using the 45WS-WSR.
Apart from these cases, the remaining dates were selected randomly until 32
threshold-level downbursts were obtained, with 1 – 2 thunderstorms included from each
selected downburst day if the storms responsible for the recorded threshold-level winds
could be identified. Since the time of the first recorded threshold-level winds was the
focus of this study, multicell systems produced the first recorded threshold-level winds in
some cases with single cell thunderstorms later producing additional threshold-level
winds at CCAFS/KSC. Thus, the large number of multicell storms in this sample was not
the result of only including multicell thunderstorms and purposefully excluding shorterlived single cell thunderstorms. In the end, the relatively small number of threshold-level
downbursts and null downbursts (32 each) was also a limiting factor of this study.
It should be mentioned that the criteria selected for defining a “null downburst”
was a limitation of this study. For example, since a single updraft-downdraft cycle was
used to define a null downburst, it is possible that some of these radar signatures may
have been present in an updraft-downdraft cycle that occurred immediately before or
after the one selected for inclusion in the null sample. This also allowed more
opportunities for the radar signatures to be identified within the threshold-level
downbursts compared to the null downbursts, which may have led to a bias in number of
times each signature was present in the threshold-level downbursts compared to the null
downbursts. However, it was necessary to ensure that each selected null downburst
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dissipated near (i.e., within 5 km) of a Cape WINDS tower to ensure that it did not
produce threshold-level winds. Based on the methodology used, it was also necessary to
ensure that the null downburst was not associated with multicell systems responsible for
producing threshold-level winds at CCAFS/KSC at any time.
The minimum peak Zh of 40 dBZ required to be considered a null downburst may
have been a bit loose, especially since there was no vertical or horizontal dimension
threshold included in the definition of a null downburst. However, using a threshold
greater than 40 dBZ as the lower boundary for null downbursts (i.e., 45 dBZ) would have
coincided with the lowest threshold considered for threshold-level downbursts,
automatically yielding a POFA of at least 50% for the 45 dBZ threshold. Additionally,
some of the threshold-level downbursts resulted from single-cell thunderstorms that had a
horizontal dimension less than 10 km and a vertical extension less than 5 km. Therefore,
using a size definition for a null downburst cell may have been too restrictive.
A caveat of the results presented herein is that they were observed using gridded
radar data while, currently, the 45WS typically has access to only raw radar data in realtime. However, it was decided that the pros associated with using gridded data greatly
outweighed the cons and caveats associated with using gridded radar data in this analysis.
In particular, flexibility in selecting cross section locations and smoothing of noise,
missing data, and small pixel-to-pixel variations in the radar data were particularly
desired, especially smoothing of missing data as seen in Appendix A. It was determined
through empirical analysis that the difference in Zh between the raw and gridded 45WSWSR data was less than 5 dBZ in most regions within a thunderstorm. An example of
this difference can be seen in Fig. A.4 in Appendix A. Additionally, each of the
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signatures presented herein can be visually identified using raw data visualized with a
software package (e.g., GR2Analyst), so they are not exclusively seen in gridded data
(though using gridded data makes it easier to identify them). The identification and
analysis of each radar signature through visual examination rather than more quantitative
(e.g., numerical) methods was also a limiting factor in this study. Care was taken to
minimize the potential for user error in this study, but this may have occurred during the
visual analysis.
Furthermore, radial velocity was not considered in this study, which may be used
to increase confidence in the physical processes inferred within downburst-producing
thunderstorms. Radial velocity should therefore be considered for future work. Lastly,
system noise within the 45WS-WSR may have impacted the results of this study, as the
standard deviation in Zdr is nearly twice as high for these results as typically observed
within radar data. Also, ρhv values could only be used qualitatively in this study, since
they were much lower within meteorological targets than typical. A detailed description
of noise and missing data in the 45WS-WSR is presented in Appendix A.

4.8 Summary of Radar Signatures
This chapter presented the five C-band dual-polarization radar signatures that
were analyzed in this study using a sample of 32 downbursts that met 45WS convective
wind warning Threshold-1 (i.e., produced peak winds of 35 knots or greater) and a
sample of 32 downbursts that did not meet 45WS convective wind warning Threshold-1
(i.e., produced peak winds less than 35 knots). These five signatures were:
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1. The peak height of the 1 dB contour within a Zdr column above the 0 °C level;
2. The peak height of the precipitation ice signature (i.e., co-located values of
30+ dBZ Zh and near-0 dB Zdr) above the 0 °C level;
3. Peak Zh value in the storm cell;
4. Height below the 0 °C level where Zdr increases to 3 dB within a DRC;
5. Vertical Zdr gradient over ±500 meters of the 1 dB Zdr contour within a DRC.
In addition to being analyzed in single cell thunderstorms, each of these signatures was
examined in earlier cells within multicell thunderstorms (when possible) to increase lead
times for 45WS Threshold-1 convective winds warnings. The magnitude of each radar
signature is directly related to the intensity of the resulting downburst in the thunderstorm
within which the signature is observed. In multicell thunderstorms, new updrafts can be
initiated through convection along the gust front produced by the downburst in a
collapsing thunderstorm, thus maintaining the multicell system. It was hypothesized that
more intense downdrafts would result in more intense updrafts in new cells developing
along the more intense gust front, due to the increased horizontal vorticity along the front.
This would allow for radar signatures observed in earlier cells within a multicell storm to
be used in predicting the intensity of a downburst resulting from collapse of a later cell
within the same multicell system.
Each signature was examined statistically using multiple height or magnitude
threshold values to explore the trade-offs between POD, POFA, skill score, and lead time
that resulted from different thresholds. The results of the statistical analyses were very
encouraging, with all signatures and thresholds meeting the 30 minutes of lead time
desired for 45WS Threshold-1 convective wind warnings. This resulted from a large
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number of multicell thunderstorms that were present within the threshold-level sample in
this study, and seems to support the hypothesis that radar signatures in one storm cell
may be used to predict the intensity of downbursts in subsequent cells within the same
multicell system. In other words, the presence of each radar signature in earlier cells
within multicell thunderstorms was indirectly related to the formation of threshold-level
winds at CCAFS/KSC in later cells within the same multicell thunderstorm due to gust
front enhancement in the earlier cells, which led to enhanced convection, updraft
strength, and downdraft intensity in subsequent cells.
However, the radar signatures were also directly related to threshold-level winds,
as indicated by their presence immediately before a threshold-level downburst was
recorded on the Cape WINDS. This means that the lead times offered by these radar
signatures were relevant for a specific location at some distance away from the storm,
with increasing distance between the storm and that location leading to greater lead times
offered for that location (e.g., in this study, the CCAFS/KSC complex). Thus, the lead
times presented herein are location-relative rather than storm-relative.
The exact values of POD, POFA, skill score, and lead time varied for each
threshold and each signature, as expected. Generally, smaller height or magnitude
thresholds for each signature yielded higher POD values but at the cost of also yielding
higher POFA values compared to larger height or magnitude thresholds. Lead times were
often longer for the smaller threshold values, while skill scores were often greatest for the
medium or larger thresholds for each signature.
It was noted that, arguably, the strongest standalone indicator of threshold-level
downbursts at CCAFS/KSC is the presence of the precipitation ice signature at 4.5 km
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above the 0 °C level within a thunderstorm, which yielded a POD of 81%, a POFA of
10%, a TSS of 0.72, a CSI of 0.74, and a mean lead time of 47.2 minutes. The highest
POD seen in this study was 100%, which was observed for the following four radar
signatures: a peak Zh of at least 45 dBZ in the storm cell, an increase in Zdr to 3 dB at 2.5
and 3.0 km below the 0 °C level within a DRC, and a vertical Zdr gradient greater than
2 dB km-1 over ±500 meters of the 1 dB Zdr contour within a DRC. The lowest POFA
was 6%, which was associated with a 1 dB Zdr column extending at least 3 km above the
0 °C level. The highest TSS and CSI values were 0.72 and 0.74, respectively, for
precipitation ice signatures at 4.5 and 5.0 km above the 0 °C level. The longest mean
lead time observed was 51.8 minutes, which was associated with a 1 dB Zdr column
extending 1 km above the 0 °C level.
Each of these signatures had caveats associated with their results, mostly due to
the relatively small sample sizes and a restrictive definition of null downbursts. Each
signature also had trade-offs between POD, POFA, skill score, and mean lead time, with
signatures that yielded high POD and long lead times typically yielding high POFA, and
vice versa. However, these were the results obtained using each radar signature as a
standalone predictor of threshold-level downbursts at CCAFS/KSC. It is speculated that
more optimal trade-offs between POD, POFA, skill score, and lead time would be
observed if these radar signatures were used in certain combinations with each other and
possibly with environmental signatures from Chapter 3, which will be elaborated upon in
more detail in the next chapter as part of future work.
These results, for the most part, matched the hypothesized results based on past
studies. A key point of the results is that all identified signatures indicate the importance
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of precipitation ice in the formation of threshold-level downbursts at CCAFS/KSC. Due
to the warm humid conditions typically seen at CCAFS/KSC during their warm season,
the melting of falling ice hydrometeors will be enhanced while the evaporation of falling
liquid hydrometeors will be suppressed (Srivastava 1987). Therefore, based on the
results of this study, a significant amount of precipitation ice within a thunderstorm is
required to fuel the negative buoyancy responsible for formation and intensification of
threshold-level downbursts at CCAFS/KSC. Identifying large quantities of precipitation
ice using dual-polarization radar during nowcasting situations has shown the potential to
increase lead time and decrease POFA for 45WS Threshold-1 convective wind warnings.

133

CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions
The purpose of this study was to identify C-band dual-polarization radar and
environmental signatures that can be used to improve convective wind nowcasting at
CCAFS/KSC by increasing lead time and decreasing POFA for 45WS Threshold-1
(35-knot) convective wind warnings, without sacrificing high POD or high skill score.
Instrumentation frequently used by the 45WS during nowcasting operations were used to
accomplish these goals, with wind data obtained from the Cape WINDS, environmental
data obtained from KXMR soundings, and radar data obtained from the 45WS-WSR.
The methodology utilized in this study began by identifying dates from the 2015
CCAFS/KSC warm season when threshold-level downbursts were recorded on the Cape
WINDS (i.e., “downburst days”). Environmental data were analyzed using 1000 UTC
KXMR soundings on 37 downburst days and 1500 UTC KXMR soundings on 30
downburst days. The environmental analyses were driven by examining signatures that
were hypothesized to correspond with various physical processes based on past literature.
Radar data were analyzed in an environmental context to better understand
physical processes occurring within downburst-producing thunderstorms, and with
reference to a quantitative wind report from the Cape WINDS for each downburst. It was
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hypothesized that multiple signatures within the radar data would be observed more
commonly in threshold-level downbursts compared to null downbursts, which could be
used to decrease POFA for 45WS convective wind warnings. Additionally, it was
speculated that radar signatures could be analyzed in earlier cells within multicell
thunderstorms to predict the intensity of downbursts resulting from the collapse of later
cells within the same multicell system. Each radar signature was hypothesized to be
directly related to downburst intensity in the thunderstorm within which the signature is
observed. A more intense downburst was speculated to produce more intense convection
along the resulting gust front through enhanced horizontal vorticity along the leading
edge of the front, which would lead to more intense updrafts in new developing cells in
the multicell system. In turn, this would result in more intense downbursts in the new
cells, and the cycle would continue. It was hypothesized that this process would allow
lead times for 45WS convective wind warnings to be greatly increased. The 45WS-WSR
data were gridded to a Cartesian coordinate system before being analyzed using
composite reflectivity and horizontal and vertical cross sections. A total of 32 thresholdlevel downbursts and 32 null downbursts were examined, with similarities and
differences between the two samples noted to help explain physical reasons for why
certain downbursts reached threshold-level status while others did not.
Within the environmental analysis, 20 individual environmental signatures were
analyzed using scatter plots showing the correlation between the value of each signature
and the peak wind velocity observed on the same day as the signature. While correlations
between peak wind and most of the signatures were relatively weak, five signatures had a
correlation (R-value) with peak wind velocity greater than 0.30:
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1. Temperature lapse rate from the surface to the 0 °C level at 1000 UTC;
R = 0.316;
2. Maximum relative humidity between the 0 °C level and 2 km below the 0 °C
level at 1500 UTC; R = 0.382;
3. Microburst-Day Potential Index at 1500 UTC; R = -0.395;
4. Temperature lapse rate from the surface to 2 km AGL at 1500 UTC;
R = -0.431;
5. Mean relative humidity between the 0 °C level and 2 km below the 0 °C level
at 1500 UTC; R = 0.478.
Several of the 20 environmental signatures identified had unexpected negative
correlations where positive correlations were expected, which may have been due to the
lack of non-threshold downburst days in the sample, but was more likely caused by the
different physical processes occurring within individual thunderstorms.
Of all 20 environmental signatures analyzed, two signatures in particular were
identified as possibly being most useful during nowcasting operations at CCAFS/KSC:
the temperature lapse rate between the surface and the 0 °C level at 1000 UTC, due to the
long lead times offered by it, and the mean relative humidity over the layer extending
from the 0 °C level to 2 km below the 0 °C level at 1500 UTC, due to its relatively strong
correlation with peak wind velocity (R = 0.478). Both signatures may also be useful in
distinguishing Threshold-2 downburst days from Threshold-1 downburst days. While
these two signatures showed potential for use in 45WS operations, the environmental
results also strongly suggest that processes occurring within each individual thunderstorm
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must be considered (e.g., using radar) in relation to the environment during nowcasting
operations to gain a more complete understanding of threshold-level downburst potential.
During the radar analysis, five radar signatures were identified to differentiate
between threshold-level downbursts and null downbursts at CCAFS/KSC:
1. The peak height of the 1 dB contour within a Zdr column above the 0 °C level;
2. The peak height of the precipitation ice signature (i.e., co-located values of
30+ dBZ Zh and near-0 dB Zdr) above the 0 °C level;
3. Peak Zh value in the storm cell;
4. Height below the 0 °C level where Zdr increases to 3 dB within a DRC;
5. Vertical Zdr gradient over ±500 meters of the 1 dB Zdr contour within a DRC.
Each of these signatures was tested using 3 – 5 different height or magnitude threshold
values. The mean lead time offered by each signature at each threshold were greater than
the 30 minutes of lead time desired by the 45WS for Threshold-1 warnings, with POD,
POFA, TSS, and CSI values varying between each threshold value for each signature.
Generally, POD and lead time were highest for the lower threshold values in each
signature, while POFA was minimized and skill score was maximized for the middle and
upper threshold values in each signature. No single threshold value was selected as the
“best” for each radar signature, as each threshold had its strengths and weaknesses, so it
was left up to the individual user to decide which signature and threshold (or combination
thereof) would best suit their nowcasting needs based on trade-offs between POD, POFA,
skill score, and lead time. The following features were, however, noted in particular:
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Highest POD: 100%; observed for a peak Zh of at least 45 dBZ, increases in
Zdr within a DRC to 3 dB at 2.5 or 3.0 km below the 0 °C level, and a vertical
Zdr gradient greater than 2 dB km-1 around the 1 dB contour within a DRC;



Lowest POFA: 6%; observed for a peak 1 dB Zdr column height of 3 km
above the 0 °C level;



Highest TSS: 0.72; observed for peak precipitation ice signature (i.e.,
30+ dBZ Zh and near-0 dB Zdr) heights of 4.5 and 5.0 km above the 0 °C
level;



Highest CSI: 0.74; observed for peak precipitation ice signature heights of 4.5
and 5.0 km above the 0 °C level;



Highest Mean Lead Time: 51.8 minutes; observed for a peak 1 dB Zdr column
height of 1 km above the 0 °C level.

It was also noted that, although no single threshold value was selected as being the best
for each signature, a peak height of the precipitation ice signature of 4.5 km above the
0 °C level within a thunderstorm may arguably be the strongest standalone indicator of
threshold-level downburst potential at CCAFS/KSC, with a POD of 81%, a POFA of
10%, a TSS of 0.72, a CSI of 0.74, and a mean lead time of 47.2 minutes.
The relatively long lead times observed in this study resulted from analyzing all
of the radar signatures within earlier cells in multicell systems that ultimately produced
threshold-level winds at CCAFS/KSC. This was the result of each radar signature in
earlier cells within a multicell thunderstorm being indirectly related to the formation of
threshold-level winds in later cells within the same multicell system through gust front
enhancement. However, the multicell system would likely be producing threshold-level

138

winds throughout its lifecycle, as suggested by the direct relationship observed (but not
shown with figures) between each of the radar signatures and threshold-level winds
recorded on the Cape WINDS. Therefore, the lead times offered through the indirect
relationship between each radar signature and threshold-level winds are location-relative
(e.g., for the CCAFS/KSC complex) rather than storm-relative.
The results of this study showcase the potential in analyzing dual-polarization
radar signatures within the updraft-downdraft cycle of cells earlier in multicell
thunderstorms to increase lead times during convective wind nowcasting, with peak lead
times greater than 80 minutes provided by some signatures in some of the longest-lived
multicell systems in this study. This especially holds true for signatures observed during
the collapse of a thunderstorm, which may provide less than 10 minutes of lead time if
analyzed as the recorded downburst forms, but may offer many tens of minutes of lead
time for a given location if analyzed in collapsing cells earlier in multicell thunderstorms.
Each of the identified radar signatures is also related to the presence of precipitation ice
within a thunderstorm, which shows the significant importance of precipitation ice in
forming threshold-level downbursts at CCAFS/KSC.

5.2 Future Work
Though the results of this study are encouraging, particularly for the radar
signatures, there are several ways in which this study can be expanded, modified, and
improved. Firstly, as alluded to throughout the thesis, it would be very beneficial to
analyze these radar and environmental signatures in different combinations with each
other, rather than individually, to see how POD, POFA, skill score, and lead time are
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affected by different combinations of these signatures. This will be the next step in this
ongoing research project at the University of Alabama in Huntsville. It would also be
interesting to identify other radar and environmental signatures and test them to see how
well they correlate with peak wind velocity and how well they perform when combined
with the signatures presented in this study.
The environmental analysis in this study was limited by the lack of non-threshold
downburst days within each of the scatter plots and correlation calculations. Future work
could include adding several non-threshold downburst days to the sample used for the
environmental analysis to see how the scatter plots are affected, which may give a better
understanding of the true skill of each environmental signature identified. The statistical
significance of each environmental signature should be tested as well. It would also be
interesting to see how the environmental signatures perform when applied to a larger
sample of downburst days than what was used in this study. Additional environmental
parameters (e.g., Convective Available Potential Energy, wind shear, etc.) will also be
considered in future work.
As mentioned in previous chapters, the performances of all radar and
environmental signatures listed in this thesis, as well as any new signatures identified in
the near future, will be tested exclusively for Threshold-2 downbursts to see if certain
signatures can be used to differentiate Threshold-2 downburst days from Threshold-1
downburst days. As cases become available, this will be a priority of future work, as it is
one of the goals of the project for which this thesis is part of. Furthermore, expanding the
number of threshold-level and null downburst samples would be desirable. For null
downbursts, analyzing multiple updraft-downdraft cycles within “null-multicell”

140

thunderstorms over the CCAFS/KSC complex would be interesting, especially given the
limitations associated with the definition of a null downburst used in this study. Other
radar variables, especially radial velocity, could be included in future studies. The utility
of analyzing earlier cells in multicell thunderstorms to predict the intensity of downbursts
in later cells within the same multicell system will need to be explored further (e.g., using
a larger sample, considering the distance between the initial storm cell in the multicell
system and the CCAFS/KSC complex, etc.)
Lastly, it would be interesting to expand this study to other climate regions to see
how the results perform when applied under different environmental conditions in
different places throughout the United States and possibly throughout the world. These
results may have particular use in monitoring weather conditions at airports. Therefore,
expanding the study to include other climate regions may be useful for applying these
results to the various C-band radars located at airports throughout the country. It would
also be interesting to see how these results perform on different radars (both at C-band
and other wavelengths) to examine how results obtained from the 45WS-WSR can be
applied and/or modified for use with different radars.
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APPENDIX A

THE 45WS-WSR – OVERVIEW AND DATA QUALITY

A.1 Brief Overview of the 45WS-WSR
The 45WS operates a C-band dual-polarization radar to provide weather support
to the CCAFS/KSC complex. As mentioned in Chapter 2, this radar is officially named
“WSR”, but was referred to as the 45WS-WSR in this thesis. The 45WS-WSR is located
approximately 42.6 km southwest of the main launch towers at CCAFS/KSC, and
operates with a 0.95° beam width, 5.33 cm wavelength, and 24 samples per pulse
(Roeder et al. 2009). A horizontal beam width of roughly 700 meters and a peak vertical
gap between radar beams at different elevation angles of roughly 500 meters is present
over CCAFS/KSC (i.e., 42.6 km from the radar). The 45WS-WSR is a Radtec Titan
Doppler Radar that operates with a 4.3 meter antenna and an average transmitted power
of 250 kW (Roeder et al. 2009). The gate spacing of the 45WS-WSR is 250 meters,
based on empirical analysis of raw data in GR2Analyst.
During operations at CCAFS/KSC, the 45WS-WSR is operated using the
scanning properties described in Roeder et al. (2009). Within a typical volume scan, the
45WS-WSR uses 13 interlaced elevation angles ranging from 0.2 ° to 28.3 °. That is,
every other elevation angle is scanned with increasing elevation in the first half of the
volume scan, and the remaining elevation angles are scanned with decreasing elevation
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during the second half of the volume scan. This elevation angle sequence can be seen in
Table A.1, which was taken from Roeder et al. (2009), and is typically used during 45WS
operations. A single volume scan with the 45WS-WSR typically takes 159 seconds
(Roeder et al. 2009). In addition, some quality control is applied to the raw 45WS-WSR
data (e.g., propagation correction). The reader is directed to Roeder et al. (2009) for a
more complete description of the 45WS-WSR.
Table A.1. A list of elevation angles used during a typical 45WS-WSR volume scan. The Beam Number
is the number of the elevation angle, the Beam Order indicates the order in which the 13 elevation angles
are scanned, and the Beam Angle indicates the elevation angle. Table taken from Roeder et al. (2009).

Beam
Number
1
2
3
4
5
6
7
8
9
10
11
12
13

Beam
Order
1
13
2
12
3
11
4
10
5
9
6
8
7

Beam
Angle
0.2°
1.2°
2.2°
4.0°
5.7°
7.3°
8.9°
10.6°
12.5°
14.5°
17.6°
22.3°
28.3°

A.2 Data Quality Considerations with the 45WS-WSR
There are some aspects of the 45WS-WSR data that must be acknowledged in this
thesis, and must be taken into consideration when interpreting any radar signatures from
the 45WS-WSR in real-time operations. The most notable feature that may pose issues
with obtaining and interpreting data from the 45WS-WSR is the large degree of system
noise within the 45WS-WSR. This noise is most evident by the uncharacteristically low
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values of ρhv that are observed within meteorological targets in nearly all cases analyzed
in this study. Typically, at C-band, values of ρhv should be a minimum of roughly 0.80
within meteorological targets (Kumjian and Ryzhkov 2008) and are intrinsically 0.94 –
0.99 in rain (Bringi et al. 1991). However, as seen throughout Chapter 4, values of ρhv
were often below 0.80 in regions where mixed-phase precipitation was most likely
present, with ρhv values below 0.60 in some cases where the mixture of precipitation was
most heterogeneous (e.g., within a hail shaft). As shown in Bringi and Chandrasekar
(2001), this level of noise within a radar system indicated by these low ρhv values can
have an impact on all other variables observed with the radar. It is possible that these
reductions in ρhv result in part from the 24 samples per pulse used within 45WS-WSR
operations (Roeder et al. 2009), which may result in a decrease in the quality of the radar
data (Bringi and Chandrasekar 2001).
To get a more quantitative estimate of the level of noise within the 45WS-WSR
and the degree to which other variables are impacted, a histogram of ρhv within a region
of light stratiform rainfall (i.e., Zh < 30 dBZ, well below the 0 °C level) was produced.
Within a region of light stratiform rainfall, the targets should all be in the Rayleigh-Gans
scattering regime and should have an intrinsic ρhv greater than 0.98 due to the uniformity
of precipitation within the radar sample (Bringi et al. 1991). Therefore, any decreases in
ρhv below this intrinsic value of 0.98 would indicate a reduction in ρhv as a result of noise
within the radar system. For comparison, a histogram of ρhv over the same approximate
region (i.e., overlapping as much as possible) was constructed for the KMLB WSR-88D
to observe how the values of ρhv differed between the two radars. It should be noted that
the wavelength difference between KMLB and the 45WS-WSR would not cause much
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difference in ρhv alone (i.e., less than 0.01), since the raindrops being analyzed are in the
Rayleigh-Gans regime for both radars (Bringi et al. 1991).
The histograms of ρhv for both the 45WS-WSR and KMLB can be found in
Fig. A.1. For reader reference, histograms of Zh values within the same region as the ρhv
values in each histogram are presented in Fig A.2. It should be noted that the region of
rainfall was located to the north of the 45WS-WSR, which itself is located to the north of
KMLB. To define the volume of space within which values of Zh and ρhv would be
analyzed, gridded data were used for both radars rather than raw data. However, the
gridding would not cause extreme variations in Zh or ρhv to be falsely present that were
not seen in the raw data. This is because data interpolation occurs during gridding, and
data interpolation through uniform data would yield gridded data very similar to the raw
data, while gridding through non-uniform data would also yield gridded data very similar
to the raw data. However, due to differences in the distances of the rain cell from each
radar, a different gridding scheme had to be applied to find an optimal trade-off between
data smoothing and data gaps for each radar, as outlined in Chapter 2. For the 45WSWSR, a grid resolution of 500 m and a constant radius of influence of 1 km were used
(i.e., the same methodology as used throughout the rest of this thesis). For KMLB, a grid
resolution of 1 km and a constant radius of influence of 1.5 km were used, due to the
greater distance of the rain cell from the radar. These differences would not contribute to
significant changes between the raw and gridded variables for each radar. However,
these gridding differences did result in the different values seen in the histogram densities
between the two radars in Figs. A.1 and A.2. It should also be noted that the differences
in the modes between the two histograms in Fig. A.2 were likely caused by slight
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Figure A.1. Histograms of gridded correlation coefficient values within a region of light stratiform rainfall
as observed from the 45WS-WSR (top) and the KMLB WSR-88D (bottom). Both histograms were taken
over the same approximate region.

differences in the sample region selected for each histogram, given the much longer
distance between the rainfall region and KMLB compared to the distance between the
rainfall region and the 45WS-WSR. However, care was taken to ensure that both
samples were taken below the 0 °C level and avoided the edges of the cell.
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Figure A.2. Histograms of gridded radar reflectivity factor values within a region of light stratiform
rainfall as observed from the 45WS-WSR (top) and the KMLB WSR-88D (bottom). Both histograms were
taken over the same approximate region, which was the same region used for the correlation coefficient
histograms in Fig. A.1.

From Fig. A.1, it can be seen that ρhv values for the 45WS-WSR are distributed
much more greatly than those for KMLB. This result is consistent with the large variance
in the raw and gridded ρhv values observed within meteorological targets in this study.
To gain a more quantitative understanding of the amount of system noise within the
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45WS-WSR, the mean, median, mode, and standard deviation of each histogram were
calculated. These values can be seen in Table A.2.
Table A.2. Values of the mean, median, mode, and standard deviation (st. dev.) of the histograms of
correlation coefficient within light stratiform rain for the 45WS-WSR (left) and KMLB WSR-88D (right).
The histograms used to compute these values can be found in Fig. A.1.

45WS-WSR
Mean
0.884
Median
0.904
Mode
0.91
St. Dev.
0.085

KMLB
Mean
0.978
Median
0.987
Mode
0.99
St. Dev.
0.02

From Table A.2, it can be seen that the mean ρhv for the 45WS-WSR was nearly 0.1
lower than that for KMLB over the same region of light stratiform precipitation. It can
also be seen that the median and mode ρhv values for the 45WS-WSR were roughly 0.08
less than those for KMLB, and the ρhv standard deviation was 0.065 higher for the 45WSWSR compared to KMLB. This large of a variation in the ρhv values between the two
radars within light stratiform rainfall indicates the large degree of noise within the 45WSWSR. This is most evident by the mean ρhv difference of 0.1 between the two radars,
which indicates that, quantitatively, the ρhv within the 45WS-WSR will be roughly 0.1
less than that for a typical radar, on average. This is very important when interpreting
dual-polarization radar signatures from the 45WS-WSR, as regions of uniform
hydrometeors are likely to have ρhv values closer to 0.90 on the 45WS-WSR rather than
the ρhv values closer to 1.0 that would typically be expected.
The results in Table A.2 also suggest the quantitative impact that the 45WS-WSR
system noise has on the other dual-polarization variables. From Fig. 6.29 in Bringi and
Chandrasekar (2001), it can be seen that a mean ρhv around 0.98 indicates a standard
deviation in Zdr of roughly 0.25 dB, while a mean ρhv around 0.88 indicates a standard
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deviation in Zdr of roughly 0.50 dB (all else being equal). Thus, the standard deviation in
Zdr is approximately twice as large for the 45WS-WSR as for a typical radar. Therefore,
Zdr within regions of precipitation may vary by as much as 0.5 dB on average from their
intrinsic values when viewed on the 45WS-WSR. Increases in the standard deviation in
Zdr for the 45WS-WSR compared to a typical radar may also be suggested by the 24
samples per pulse that are used during 45WS-WSR operations (Roeder et al. 2009). It
can be seen in Fig. 6.29 in Bringi and Chandrasekar (2001) that a standard deviation in
Zdr of 0.3 dB or more may result from using 24 samples per pulse.
These factors need to be taken into consideration when utilizing 45WS-WSR data
during real-time nowcasting operations. These factors should also be taken into account
when interpreting the results of this thesis and, especially, when applying or comparing
the results of this thesis to other studies or radars. However, since Zdr was contoured
every 1 dB in all figures used for the visual analyses in this study, the impact of the
0.5 dB standard deviation was more mitigated than it would have been if Zdr was
contoured every 0.5 dB (or less) in this study. Thus, the results obtained using Zdr in this
thesis are not in significant error when applied to the 45WS-WSR, and can certainly be
used during nowcasting operations at CCAFS/KSC as long as the user recognizes the
possibility for relatively large variance in Zdr due to system noise. Furthermore, these
results are not to suggest that the 45WS-WSR is incapable of being used during
nowcasting operations. As stated previously, the user just needs to recognize the larger
variance in the dual-polarization radar products that may result from the increased system
noise. The results presented in Chapter 4 show that Zdr trends matched expectations
based on past studies despite the increased standard deviation in Zdr. It was also possible
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to use ρhv qualitatively in this study to identify regions of mixed-phase precipitation.
Thus, the system noise in the 45WS-WSR must be taken into account, but 45WS-WSR
data are still useful in real-time operations and for qualitative scientific analyses.

A.3 Missing Data within 45WS-WSR Volume Scans
Another feature observed during this study that must be taken into account when
interpreting 45WS-WSR data is the presence of missing data within some raw 45WSWSR volume scans. In some of the cases analyzed in this study, it was observed that
seemingly random radar gates within meteorological targets contained no data. The
occurrence of this phenomenon, the elevation angles affected, and the number of gates
containing missing data varied greatly from case-to-case. It was noted that a few dates
from the 2015 warm season had many gates of missing data at multiple elevation angles
within several volume scans, but a majority of the dates and volume scans analyzed only
saw scattered gates containing missing data. However, it was generally observed that the
number of gates containing missing data increased as elevation angle increased.
These gates of missing data are caused by a relatively high level of filtering that
was applied to all 45WS-WSR data prior to Fall of 2016 (Todd McNamara, 2017,
personal communication). This filtering removed gates containing data that appeared to
be noise rather than meteorological targets. However, given the relatively large degree of
system noise in the 45WS-WSR and its impact on the other dual-polarization radar
variables as shown in Section A.2, gates containing data that were actually
meteorological targets when viewed on the 45WS-WSR were mistakenly treated as noise
in the filtering process. These missing gates are important to note within the 45WS-
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WSR, as they can make interpretations of radar signatures difficult during real-time
operations and can lead to errors within gridded radar data. The errors in the gridded data
would result from data interpolation through missing data, which would cause values in
the regions of meteorological targets within and around the missing data to appear lower
than they (likely) are in reality.
An example of gates containing missing data within the raw 45WS-WSR data can
be found in Fig. A.3. However, it should be noted that the image shown in Fig. A.3 is an
extreme example of missing data observed in this study, and was selected to be shown
herein only to provide a visual example of missing 45WS-WSR data. Within Fig. A.3, a
relatively large number of missing gates can be seen in the cell located to the north of the
45WS-WSR (labeled “DWR” in Fig. A.3) with a peak Zh around 60 dBZ. As previously
stated, this phenomenon is caused by filtering within the 45WS-WSR, where pixels
containing metrological data within the storm cell to the north of the 45WS-WSR in
Fig. A.3 are being mistakenly treated as noise and deleted. The core of the storm in
Fig. A.3 can still be identified using the raw 45WS-WSR data, but its horizontal extent
and peak Zh value become more difficult to deduce as a result of the missing pixels.
As was also previously stated, these gates of missing data will have an impact on
the gridded 45WS-WSR data, as data interpolation during the gridding process will occur
through the missing gates. An example of the impact missing raw data has on gridded
data can be seen in Fig. A.4. From Fig. A.4, it can be seen within the white circled
region that the missing data does have an impact on the gridded radar data. This is most
evident from the regions enclosed within the 50 – 55 dBZ contours just above and below
the white circled region in the gridded data. This was a region of falling precipitation
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Figure A.3. A display of raw 45WS-WSR radar reflectivity factor as viewed in the GR2Analyst software
(Gibson 2005). The data shown are from the 8.9 ° elevation angle within the 45WS-WSR volume scan that
began at 2040:34 UTC on 21 May 2015. Note that the radar name “DWR” corresponds to the 45WS-WSR.

within this cell, and it is likely that the entire region of falling precipitation should have
yielded Zh values around 50 – 55 dBZ in the gridded data. However, due to the missing
pixels seen in the raw data in Fig. A.4, the Zh values are around 5 – 10 dBZ lower in the
circled region of the gridded data than they most likely should be. This is the result of
interpolation through the missing data.
However, despite this decrease in Zh, a forecaster who is visually interpreting the
data in Fig. A.4 can see that there is a disjointed reflectivity maximum within the region
of falling precipitation, which is likely falsely present as a result of the missing data.
Thus, the region of falling precipitation is still identifiable, and the peak Zh within the
precipitation core can still be estimated based on the Zh values above and below the
missing pixels. It should also be mentioned again that this is one of the worst cases of
missing data observed in this study, so the decrease in Zh within gridded data resulting
from missing pixels was less extreme in a majority of the other volume scans examined
in this thesis. Based on all of this information, gates containing missing data within the
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Figure A.4. East-west vertical cross sections (i.e., view facing north) of raw radar reflectivity factor (top)
and gridded radar reflectivity factor (bottom) from the 45WS-WSR volume scan that ended at 2043 UTC
on 21 May 2015. Both cross sections were taken approximately 49.5 km north of the 45WS-WSR. The
white circle indicates a region of gates containing missing raw data (top) and the impact these missing gates
have on the gridded data (bottom).

45WS-WSR are something that must be recognized and taken into account during realtime nowcasting operations and interpretation or application of the results of this thesis.
However, in most cases, storm features can still be identified by a forecaster, and the
decrease in Zh from raw to gridded data is often less than 5 dB.
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